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In this chapter some of the presently known optical properties of zinc oxide
are reviewed. In particular, the anisotropic dielectric functions (DFs) of ZnO
and related compounds from the far-infrared (FIR) to the vacuum-ultraviolet
(VUV) spectral range are studied. Thereupon, many fundamental physical
parameters can be derived, such as the optical phonon-mode frequencies and
their broadening values, the free-charge-carrier parameters, the static and
“high-frequency” dielectric constants, the dispersion of the indices of refrac-
tion within the band-gap region, the fundamental and above-band-gap band-
to-band transition energies and their excitonic contributions.

3.1 Introduction

Zn0O has regained much interest because of a large variety of properties,
which make ZnO superior to currently used materials. For instance, ZnO-
based alloys might become alternative materials for GaN-based alloys, which
are currently used in ultraviolet (UV) optoelectronic devices. The fundamen-
tal band gap energy of ZnO is similar to that of GaN, but the ground-state
exciton binding energy of ZnO is more than two times larger than that of GaN
(Table 3.1). Hence, stimulated excitonic emission even above room tempera-
ture (RT) is possible in ZnO, but not in GaN. ZnO-based laser devices with
low threshold currents operating above RT are quite likely [1]. In fact, opti-
cally pumped lasing at RT was already demonstrated by several groups [1-5].

Upon alloying with MgO or CdO, the fundamental band gap of ZnO
can be shifted to higher or lower energies, respectively (Table 3.1) [11-16].
Furthermore, the electrical n-type conductivity of ZnO can be controlled over
many orders of magnitude by doping with Al or Ga [17-20]. On the other
hand, reproducible p-type conductivity in ZnO is still a challenge. Doping
with group-I elements (Li, Na, K, etc.), which are supposed to substitute the
Zn-atoms, or doping with group-V elements (N, P, As, Sb, etc.), which are
supposed to substitute the O-atoms, are promising pathways toward p-type
conductivity [18,21,22]. Upon alloying with Mn or other transition metals,
Zn0O can reveal ferromagnetic properties with a Curie temperature above
RT [23-28]. Essential for the performance of the above addressed materials
is the knowledge of fundamental properties.
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Table 3.1. Band-gap energy E, and the (ground state) exciton binding energy El,
of ZnO, GaN, MgO, and CdO

Zn0O GaN MgO CdO

E, (V) 337 [6] 330 [7] 76 [8 23 [9]
El, (meV) 60 [10] 1828 [7] 80 [8 —

By evaluation of the phonon-mode frequencies, information about strain
[29] or about the incorporation of doping or alloying atoms can be derived.
Besides the phonon-mode frequency, the phonon-mode broadening parameter
provides information about crystal quality [30], because scattering due to a
lower crystal quality or due to alloying makes the phonon-mode broadening
parameter larger.

Plasmons — the collective free-charge-carrier modes — interact with the
longitudinal phonons, when the screened plasma frequency wy, is in the fre-
quency range of the optical phonons. Thereupon, coupled phonon—plasmon
modes are formed. In principle, both Raman scattering and infrared (IR)
spectroscopic techniques are able to detect these modes. Unfortunately, the
Raman scattering intensity of the uncoupled longitudinal phonon modes of
ZnO is weak [31], such that the coupled modes cannot be detected. In con-
trast to that, IR spectroscopic techniques, for instance infrared spectroscopic
ellipsometry (IRSE), can clearly reveal the plasmon-mode contributions to
the DF's, and the free-charge-carrier properties can be quantified. For highly-
conductive ZnO the plasma frequency moves from the mid-IR into the near-IR
or even into the visible spectral region. Therefore, spectroscopic techniques
in the near-IR and visible spectral region are more appropriate for studying
the free-charge-carrier parameters in highly-conductive ZnO thin film samples
(see paragraph optical properties in Sects. 6.2.5.2, p. 273 and 8.3.1, Fig. 8.13).

The DFs of ZnO reveal a complex behavior in the vicinity of the fun-
damental band gap energy, as well as for photon energies above the band
gap energy, where multiple electronic transitions occur, dispersed over wide
regions of the Brillouin zone. The unambiguous assignment of type, sym-
metry, and location of a given transition within the Brillouin zone can only
be done in conjunction with theoretical band structure analysis, except for
the lowest I'-point transitions. Here, experimentally observed DF spectra are
discussed, as well as their analysis in terms of critical point (CP) structures
and associated band-to-band transitions without attempting to connect those
to individual symmetry points. The fundamental band gap energy F, is the
lowest energy, at which absorption sets in. It can be determined, for instance,
by transmission measurements. In ZnO, a semiconductor with dipole-allowed
direct band-to-band transitions, excitons couple strongly to the radiation
field, and their absorption lines are superimposed onto the CP structures
because of the band-to-band transitions. Homogeneous and inhomogeneous
broadening effects smear out the absorption features, giving rise to a wide
range of reported E, values, in addition to intrinsic origins for energy shifts,
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such as impurities, strain, composition variations, etc. Spectroscopic ellipsom-
etry (SE) can be used to separate excitonic contributions from band-to-band
transitions and for their quantitative assessment.

Further attention is paid to the temperature-dependencies of phonon
modes, indices of refraction, and fundamental-band-gap energies.

Wurtzite-structure ZnO thin films grown by a variety of deposition
techniques, as well as commercially available single crystal bulk samples are
discussed. Furthermore, data for ZnO thin films intermixed with numerous
elements are reviewed. Most of the results are obtained by SE, which is a
precise and reliable tool for measurements of the DFs. The SE results are
supplemented by Raman scattering and electrical Hall-effect measurement
data, as well as data reported in the literature by similar or alternative tech-
niques (reflection, transmission, and luminescence excitation spectroscopy).

Raman scattering was often applied for studying the phonon modes of
ZnO bulk samples [31-38]. It has become a fast and reliable tool to study
ZnO thin films [29,38-43], and ZnO nano- and/or microstructures [44—46].
Raman scattering studies were also reported for ZnO samples doped with
Li [43,47,48], N [43,49-51], Al [48,52-54], P [43,55], Mn [43, 56-58],
Fe [43, 48], Co [43], Ni [43], Cu [43], Ga [48,51], As [59], Ce [60], or
Sb [48, 61], and (Mg,Cd);Zn;_,O [43, 62] samples. IR reflection [63-65]
and transmission measurements [66-68] were reported mainly for ZnO bulk
materials. IR optical studies of doped ZnO and ZnO-based thin films are,
in general, restricted to transmission and reflection measurements in the
near-IR, (NIR) spectral region, and to highly conductive Al-doped ZnO
thin films. Some experiments were performed in the mid-IR (MIR) spectral
region [52,69,70], where the optical phonon modes can be studied. Recently,
IRSE was applied to study undoped and doped ZnO films, and ZnO-based
alloy films [30, 38, 43,62, 71-74].

The number of spectroscopic studies of ZnO and related materials in the
spectral region around the fundamental band gap is too large to be listed here.
Undoped and doped ZnO as well as ZnO-based alloy samples were studied
by photoluminescence (PL), transmission and reflection measurements (see
review articles [6,75]). Also, SE measurements were reported for ZnO [76-85]
and related materials, for instance, metal-doped ZnO [70,86-89], Mg, Zn; _,O
[15,16,82,90,91], CozZn; 50 [92], Mn,Zn;_, O [93], or Fe,Zn;_,O [94].

3.2 Basic Concepts and Properties

3.2.1 Structural Properties

Undoped and doped ZnO, and most of the ZnO-based alloys crystallize under
normal conditions in the wurtzite structure, but ZnO-based alloys can reveal
a rocksalt structure for a high content of alloying atoms. One example is
Mg-rich Mg,Zn;_,O. Thus, a phase transition with change of coordination
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Fig. 3.1. (a) Primitive cell (heavy lines) of the wurtzite-structure lattice placed
within a hexagonal prism. a and c are the lattice constants. (b) Schematic draw-
ing of surfaces cut from a hexagonal single crystal with different crystallographic
orientations (surface planes)

must occur, which affects many physical properties. The phase transition for
PLD-grown Mg,Zn;_,O thin films was observed in the composition range
between 53% and 68% Mg content, whereas scattered reports exist on more
diffuse transition regions for other Mg,Zn;_,O samples [11,14-16,82,90,91,
95-100].

3.2.1.1 Wurtzite Crystal Structure (Hexagonal)

The wurtzite crystal structure belongs to the hexagonal system with space
group Cg, (P63mc) in the Schoenflies (short standard) notation. Two atom
species occupy the positions of a closest packed hexagonal lattice each. These
two sublattices are shifted along the c-axis against each other (Fig. 3.1 a). The
wurtzite-structure lattice is fourfold coordinated. That is, each atom has four
nearest neighbor atoms. Figure 3.1b shows the cuts of different orientations
of a crystal with hexagonal structure.’

L A sample is called “c-plane oriented” or shortly “c-plane,” when the investigated
surface is the hexagonal (0001)-plane. Analogously, for “a-plane” or “r-plane”
samples the investigated surface is the hexagonal (1120) or (1102) plane, respec-
tively. Wurtzite-structure ZnO and ZnO-based thin films grown on c-plane and
a-plane sapphire adopt ¢-plane orientation, while those grown on r-plane sapphire
adopt a-plane orientation [71,101-104]. (See Sect.4.2.1 for detailed discussion of
ZnO surfaces and see Sect. 1.3, Table 1.1 for further structural parameters).
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3.2.1.2 Rocksalt Crystal Structure (Cubic)

The rocksalt crystal structure belongs to the cubic system with space group
O} (Pm3m). It consists of two face-centered cubic (fcc) sublattices, which are
occupied by one atom species each. The two sublattices are shifted along one
half of the diagonal of the primitive unit cell against each other. The rocksalt
lattice is sixfold coordinated.

3.2.2 Vibrational Properties
3.2.2.1 Wurtzite-Structure Phonons

The wurtzite-structure optical phonons at the I'-point of the Brillouin zone
belong to the following irreducible representation [32]

et — 1A, +2B; + 1E, + 2E5. (31)

Hereby, the branches with E;- and FEs-symmetry are twofold degenerated.
Both A;- and FEj-modes are polar, and split into transverse optical (TO)
and longitudinal optical (LO) phonons with different frequencies wro and
wr,o, respectively, because of the macroscopic electric fields associated with
the LO phonons. The short-range interatomic forces cause anisotropy, and
A;- and Fp-modes possess, therefore, different frequencies. The electrostatic
forces dominate the anisotropy in the short-range forces in ZnO, such that the
TO-LO splitting is larger than the A;-FE; splitting. For the lattice vibrations
with A;- and FEj-symmetry, the atoms move parallel and perpendicular to
the c-axis, respectively (Fig.3.2).

Both A;- and F1-modes are Raman and IR active. The two nonpolar Es-
modes Eél) and E;Q) are Raman active only. The Bi-modes are IR and Raman
inactive (silent modes). Phonon dispersion curves of wurtzite-structure and
rocksalt-structure ZnO throughout the Brillouin Zone were reported in

[106-108]. For crystals with wurtzite crystal structure, pure longitudinal or

[0001]

[2110]

Fig. 3.2. Displacement patterns of the optical phonons of a lattice with wurtzite
crystal structure. Reprinted with permission from [105]
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Fig. 3.3. Raman scattering configurations for a thin film on a thick substrate in
the backscattering regime. The laboratory coordinate system is chosen such that
the z-axis is parallel to the sample normal. The direction and polarization of the
incident laser beam are indicated by the vertical arrow and the horizontal double
arrow, respectively. By aligning a polarizer within the light path of the scattered
light parallel or perpendicular with respect to the polarization direction of the
incident laser beam, the two scattering configurations indicated below the drawings
can be realized. The notation of the scattering configurations follows the “Porto
notation” [32]: The letters before and after the parenthesis show the direction of
the incident and scattered light, respectively, while the letters inside the parenthesis
indicate the corresponding polarization

pure transverse phonons of well-defined symmetry can be observed only if the
phonon propagation is along or perpendicular to the c-axis. Group theory in
combination with polarization and propagation considerations allows to iden-
tify the symmetry of the Raman active optical modes by applying different
scattering configurations [33]. In Fig.3.3 possible scattering configurations
for a thin film on a substrate are drawn schematically.

Table 3.2 summarizes the optical phonons of crystals with wurtzite struc-
ture and the scattering configurations, in which the optical phonons are pre-
dicted to produce backward signal in first-order Raman scattering.

3.2.2.2 Rocksalt-Structure Phonons

The I'-point optical phonons of a crystal with rocksalt structure belong to
the irreducible representation

TPt = Fy,. (3.2)

The Fi,-mode is polar and splits into TO and LO modes. The Fj,-mode is
IR active and Raman inactive [109].
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Table 3.2. Raman selection rules of the optical phonon modes of crystals with
wurtzite structure® [33]

Scattering Allowed Corresponding
configuration Raman modes Raman tensor elements
x(z2)x’ A1(TO) al,

2(zy)aa(yz)r Ey(TO) oy = al)e

z(yy)z’ E», A1(TO) yy = £y,

2(zx)2’ E,, A1(LO) O = tay,

2(zy)2 E, Qlpy = Ay

® Tt is assumed that the optical c-axis is parallel the z-direction of the laboratory
system

3.2.3 Infrared Model Dielectric Function:
Phonons and Plasmons

In the IR spectral region, DFs ¢;(w) are sensitive to phonon and plasmon
contributions. Hence, IR model dielectric functions (MDFs) are written as

the sum of lattice aL( ) and free-charge-carrier ¢¥°“(w) contributions [73]
ei(w) = g7 (W) + & C(w). (3-3)
The subscript 4 refers to the two polarization states parallel (i = ||) and

perpendicular (i = L) to the c-axis, which have to be distinguished for opti-
cally uniaxial samples, for instance wurtzite-structure ZnO or sapphire. Cubic
crystals, for instance rocksalt-structure Mg,Zn;_,O, are optically isotropic
and have only one DF, because the dielectric tensor is reduced to a scalar.

3.2.3.1 Lattice Contributions (Phonons)

A common way to describe el (w) with [ lattice modes is the factorized form
with Lorentzian broadening

l 2 2 ; .
L W10, — W T VYYLO,ijW
e (W) = €00 I | 3 R . (3.4)
j=1 ¥YT0,ij — W T TOiwW

The polar lattice modes split into TO- (wro,i;) and LO-modes (wr,0,:;), with
broadening parameters yro,;; and yLo,i;, respectively [73]. The parameters
€00,i denote the high-frequency limits in this model approach, which are
related to the static dielectric constants €g; by the Lydanne-Sachs—Teller
relation [110] (Sect. 3.3)

l 2

w ..
LO,ij

€0,i = €oo,i I | — (3.5)
j=1 ¥T0,ij
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3.2.3.2 Free-Charge-Carrier Contributions (Plasmons)

FCC

Free-charge-carrier contributions €; ““~(w) are typically described by the clas-

sical Drude approximation

w2

FCC D,
. . 3.6
s (@ w(w + ivp) (3.6)

where wp, ; and 7p; are the screened plasma frequencies and their broaden-

ing parameters, respectively. wp; can be related to the free-charge-carrier
concentration N and the free-charge-carrier effective mass m}

N2
W= (3.7)

€o00,i€0MN;

where €y and e denote the vacuum permittivity and the elementary charge,
respectively. Assuming a constant-carrier-scattering regime, the plasma
broadening parameters 7, ; are equal to the inverse of the energy-averaged

carrier-momentum relaxation time (7, );, and can be rewritten with the opti-
cal carrier mobility u$®", e, and m} [111]

1 e
. __° 3.8
. (Tm)i m} u?pt (38)

3.2.4 Visible-to-Vacuum-Ultraviolet Model Dielectric Function:
Band-to-Band Transitions
and their Critical-Point Structures

The DF in the visible to deep-ultraviolet (DUV) spectral region is dominated
by critical point (CP) structures, which are related to electronic band-to-band
transitions. For ZnO, the CP structures due to band-to-band transitions are
superimposed by excitonic polarizabilities rendering the fundamental absorp-
tion edge. Within the electron-band density-of-states function, Van Hove
singularities in one, two, and three dimensions occur at CPs of the type
Moy—Ms3 [112]. Close to energies of such singularities, band-to-band transi-
tions occur, which give rise to the CP structures in . The lowest band-
to-band transitions of ZnO occur at the I'-point of the Brillouin zone, and
the associated CP structures are typically of the 3DM, type (Sect.3.7). At
higher energies CP-structures occur, which are often described as 3DMj-, or,
equivalently, as 2DMy- or Ms-type singularities. Different MDF approaches
exist for the description of the photon energy dependence of characteristic
CP structures.

In the spectral region below the electronic band-to-band transitions, the
Cauchy approximation (transparency region, (3.24)) or the damped harmonic
oscillator function (both transparency as well as absorption region) are often
utilized as MDF approaches.
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General parametric MDFs, which describe CPs and the line shape of the
DF of semiconductors, are more complex. The complete MDF is the sum of
multiple terms, including contributions due to 3DMy CP structures (e3PMo),
2D M, CP structures (e2PMo), adjacent broadened CP structures (), and
excitonic contributions (9% and £°°*). For ZnO, typically, Adachi’s compos-
ite MDF is applied [76,113]. In this approach, the contributions due to 3D M
CP structures read

EBDMO(E) — ZAS (E(z)x)—3/2 (2 - (1 +Xg)l/2)_ (1 - X8)1/2> , (39)

2
(X6

with
xg = (E+ily)/Ef. (3.10)

Af and E are the amplitude and the transition energy of the CP structures,
respectively and I is the broadening parameter. E is the photon energy. For
wurtzite-structure and rocksalt-structure ZnO « covers o = A, B,C and
a = D, E, respectively. The contributions due to 2DM, CPs are described

by
£2DMo( Z —A% () (1 = (%)) (3.11)

with
X’ = (E+il®)/E°. (3.12)

AP EP_and I'? are amplitude, transition energy, and broadening parameter,
respectively. Lorentzian-broadened harmonic oscillators may be used as a
good approximation for the description of adjacent (spectrally unresolvable)
broadened CP structures

APTPES
eME) =" . , (3.13)
T (%)’ — E? —ilPE

with averaged parameters A%, EP and I'°. The discrete contributions
(n-series) due to free excitons is approximated by [76,113]

An a
dex Z Z $ mb B ) (314)

anl

A and Iy, are amplitude and broadening parameter, respectively. E?, is
the free exciton binding energy of the nth excited state

3D
n RO

b — n2 . (315)

R3P is the 3D exciton Rydberg energy. At RT it is sufficient to consider
n = 1 and, in some cases, n = 2. At low temperatures n = 1,2, 3 might be of
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interest. The exciton continuum contributions to the DF can be described by

Ae B B 2
scex( ):Z zcHze th . ( 0) -
AREP (E+ilye)” (B — (E+ilye)

[e%

(3.16)

with the continuum-exciton strength and broadening parameters A$, and
I'% , respectively. The ground-state continuum-exciton energy ES is typically

approximated by E§.

3.2.5 Spectroscopic Ellipsometry

The main experimental technique applied in this chapter is SE. Several text-
books were written on SE [73,114-118]. Therefore, only some basic concepts
are described. SE examines the relative phase change of a polarized light
beam upon reflection (or transmission) at a sample surface. In Fig. 3.4 the
setup of an ellipsometry experiment is shown. Upon model analysis of the
experimental data, the DFs and thicknesses of the sample constituents can
be extracted. Two different experimental approaches have to be distinguished,
standard and generalized ellipsometry.

3.2.5.1 Standard Spectroscopic Ellipsometry

When neither s-polarized light (light polarized perpendicular to the plane
of incidence) is converted into p-polarized light (light polarized parallel to
the plane of incidence) nor vice versa, standard SE is applied. This is the case
for isotropic samples and for uniaxial samples in the special case, where the
optical axis is parallel to the sample normal, for example (0001) ZnO [119].

Fig. 3.4. The geometry of an ellipsometry experiment. The linearly polarized inci-
dence light beam becomes elliptically polarized after reflection at the sample sur-
face. The plane of incidence is shown hatched. &, is the angle of incidence
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Standard SE determines the complex ratio p of the reflection coefficients for
p-polarized and s-polarized light

p= (i—i) /(%) = tan ¥ exp(iA). (3.17)

A; and B; denote the intensities of the incident and reflected light beam,
respectively. ¥ and A are the ellipsometric parameters, where tan ¥ is the
magnitude and A the phase of p [116].

3.2.5.2 Generalized Spectroscopic Ellipsometry

In the general case, when s-polarized light is converted into p-polarized light
and/or vice versa, the standard SE approach is not adequate, because the
off-diagonal elements of the reflection matrix r in the Jones matrix formalism
are nonzero [114]. Generalized SE must be applied, for instance, to wurtzite-
structure ZnO thin films, for which the c-axis is not parallel to the sample
normal, i.e., (1120) ZnO thin films on (1102) sapphire [43,71]. Choosing a
Cartesian coordinate system relative to the incident (A;) and reflected plane
waves (B;), as shown in Fig. 3.4, the change of polarization upon reflection
can be described by [117,120]

) =)= Comm)(a) o

The generalized ellipsometric parameters ¥;; and A;; are defined by

pr = Rpp = tan ¥y, exp(idyp) , (3.19)
ps — Ry = tan¥ps exp(idys) , (3.20)
Tpp

:S—P = Ry = tan Wy, exp(idyp) . (3.21)

3.2.5.3 Data Analysis

Only in the special case of isotropic bulk samples, the experimental data
can be transformed directly into the sample’s DF. In all other cases a model
analysis is required, where the layered sample structure has to be considered
appropriately, i.e., the DFs, thickness, and, in case of anisotropic materials,
the crystal orientation of each single layer. Unknown parameters are varied
until experimental and model data match as close as possible. Upon the use
of parameterized MDFs, physically relevant parameters of the samples can
be obtained. Typical MDF's for ZnO are described in Sects. 3.2.3 and 3.2.4.
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3.3 Dielectric Constants and Dielectric Functions

Figure 3.5 summarizes typical DF spectra € = €1 +ie2 of ZnO. The DF spec-
tra were obtained by SE in the Mid-IR (MIR), Near-IR (NIR), visible (VIS),
ultraviolet (UV), and vacuum-ultraviolet (VUV) spectral region from both
single-crystal bulk and thin film samples. DF spectra of ZnO in the NIR-
VIS-UV spectral region were also reported in [76,78,80-82,121,122], and
for Mg,Zn;_,O in [82,90]. Phonon-mode contributions (Sect. 3.4), plasmon-
mode (free-charge-carrier) contributions (Sect.3.5), refractive indices
(Sect. 3.6), critical-point and electronic band-to-band transition parameters
as well as their excitonic contributions (Sect.3.7) can be obtained from the
DF spectra, including their anisotropy. While the DFs of ZnO in the IR
exhibit appreciable anisotropy, in the below-band-gap spectral region and
above the band gap, €, and g show only small differences. ZnO is uniaxial
positive, i.e., Re{e|} > Re{e.}, at frequencies below and above the rest-
strahlen band [123], and throughout the entire band-gap region [77,124].
The static dielectric constants €¢; can be determined from the analysis
of IR spectra with sufficient spectral data coverage below and above the
reststrahlen regions. For photon energies far above the phonon resonances
but still sufficiently below the electronic band-to-band transitions, the DFs
converge to the “high-frequency” dielectric constants € ;, which is related
to €o,; by the Lyddane—Sachs—Teller relation (3.5). € ; measure the sum of
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Fig. 3.5. Real (¢1) and imaginary part (e2) of the DFs e = 1 +ie2 of ZnO at RT
for polarization perpendicular (solid lines) and parallel (dashed lines) to the c-axis
determined by SE [15,38,71,91]. Optical phonon modes (Table 3.4; Sect.3.4) and
transition energies (Tables 3.9, 3.10; Sect. 3.7) are marked. Note the different scales
for the IR-to-NIR and the VIS-to-VUYV spectral regions
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all linear electronic polarizabilities for all photon energies within and above
the fundamental band-to-band transition energy until the shortest end of the
electromagnetic spectrum. Table 3.3 summarizes “high-frequency” and static
dielectric constants of ZnO. The dielectric constants for the ZnO thin films
are smaller than those of the ZnO bulk samples, which can be explained by
the lower film density relative to that of the bulk samples, or because of
slightly different compositions.

Figure 3.6 summarizes “high-frequency” and static dielectric constants
of PLD-grown Mg,Zn;_,O thin films [43, 62, 72, 74]. Besides the natural

Table 3.3. “High-frequency” e~,; and static €q,; dielectric constants of ZnO bulk
samples (b) and ZnO thin films (f)

Ref. Method €oo,L Eoo,|| €0,L €0,
Bond (1965) [124] NIR-VIS minimum deviation (b) 3.70 3.75 7.78 8.74
Yoshikawa (1997)  [76] NIR-VIS SE (b) 3.68 3.72 7.74 8.67
Teng (2000) [95] NIR-VIS prism coupling (f)® 3.60 3.66 7.44 8.45
Ashkenov (2003) [38] IRSE (b) 3.70 3.78 7.78 8.81
Ashkenov (2003) [38] IRSE (f)> 3.61 3.76 7.46 8.69
Bundesmann (2004) [71] IRSE (f)° 3.53 3.60 7.29 8.37
Bundesmann (2006) [43] IRSE (£ 3677 7.961

Bundesmann (2006) [43] IRSE (f)°  3.38" 6.821

[

Bundesmann (2006) [43] IRSE (6 2.997 6.03"

a

€oo,i follows from eo; with the Lydanne-Sachs—Teller-relation (3.5) and the
phonon-mode frequencies in Table 3.4

> (0001) ZnO film (PLD) on (0001) sapphire

¢ (1120) ZnO film (PLD) on (1102) sapphire

4 (0001) ZnO film (PLD) on (001) silicon

¢ ZnO film (magnetron sputtering) on metallized foil

f ZnO film (magnetron sputtering) on metallized glass

T Isotropically averaged

40 T T T T T T T T T T T T T T T T T
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Fig. 3.6. “High-frequency” dielectric constants (a) and static dielectric constants
(b) of wurtzite-structure (E||c: up-triangles, ELc: down-triangles) and rocksalt-
structure (circles) MggyZn1—,O thin films [43,62,72,74]. The shaded area indicates
the composition range of the phase transition. Reprinted with permission from [74]
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disappearance of the anisotropy both “high-frequency” and static dielec-
tric constants change abruptly upon the phase transition from wurtzite to
rocksalt structure because of the coordination number change (4-6) and the
associated change of bond polarizability (increase in splitting between TO
and LO phonon-mode frequencies, Fig.3.13, Sect.3.4.3), and critical-point
characteristics of the two polytypes (Sect. 3.7.2).

3.4 Phonons
3.4.1 Undoped ZnO

Table 3.4 summarizes the phonon-mode frequencies of ZnO bulk samples and
ZnO thin films, as obtained by Raman scattering spectroscopy, IR-reflection
measurements, and IRSE.

Figure 3.7 presents typical Raman spectra of a ZnO bulk sample and
a ZnO thin film on sapphire. According to the theoretical considerations
in Sect.3.2.2, the scattering intensities at w ~ 379cm™!, ~410cm™!,
~437cm™!, and ~572cm~! can be assigned to the A;(TO)-, Ei(TO)-,

E§2>-, and A;(LO)-mode, respectively. The scattering cross-section of the
A1 (LO)-mode is markedly smaller than that of the A;(TO)-mode, which was
explained by the destructive interference of the Frohlich interaction and the
deformation potential contributions to the LO-scattering in ZnO [31]. The
intensities at w~332, ~538, and ~665 cm~! were assigned to multiple-phonon
scattering processes [32,35], whereas the spectral feature at w ~ 589 cm~!
was assigned to the F1(LO)-mode. The phonon modes of the ZnO thin film
occur at similar frequencies as those of the ZnO bulk sample, but the Raman
spectra contain additional spectral features because of the sapphire sub-
strate [125,126].

In Fig. 3.8, typical IRSE spectra of a ZnO bulk sample and a ZnO film on
sapphire are plotted. In the ¥-spectrum of the ZnO bulk sample a plateau
with ¥ ~ 45° can be seen, which corresponds to the bands of total reflection
(reststrahlen bands), which occurs between the E;(TO)- and E;(LO)-mode
frequencies [123]. The small dip within the plateau is caused by the loss
in p-reflectivity, and localizes the A;(LO)- and E;(LO)-mode frequencies.
The derivative-like structure in the ¥-spectrum of the bulk ZnO sample at
w ~ 650 cm ™! is caused by the anisotropy Re{e)} > Re{e} (Sect.3.3) [38].

In the W-spectrum of the ZnO thin film, a similar plateau as in the ¥-
spectrum of the ZnO bulk sample is present. However, the phonon modes of
the sapphire substrate introduce additional features, for example at w ~ 510,
~630, and ~900 cm™! [38,123]. The spectral feature at w ~ 610 cm ™1 is called
the Berreman resonance, which is related to the excitation of surface polari-
tons of transverse magnetic character at the boundary of two media [73].
In the spectral region of the Berreman resonance, IRSE provides high sen-
sitivity to the A;(LO)-mode parameters. For (0001)-oriented surfaces of
crystals with wurtzite structure, linear-polarization-dependent spectroscopic
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Table 3.4. Frequencies of long-wavelength optical phonon modes of ZnO bulk
samples (b) and ZnO thin films (f)*

Ref. Method ESY A1(TO) E1(TO) E? A;(LO) Ey(LO)
Collins (1959) [63] IR-refl. (b) -  — 414 -~ 501
Heltemes (1967) [64] IR-refl. (b) — 377 406 - 575 589
Venger (1995) [65]) IR-refl. (b) — 380 412 - 570 591
Damen (1966) (32 Raman (b) 101 380 407 437  — 583
Arguello (1969) [33] Raman (b) 101 380 413 444 579 591
Scott (1970) [34] Raman (b)  — - - - 574 583
Callender (1973)  [31] Raman (b) - 381 407 441  — 583
Calleja (1977) [35] Raman (b) 98 378.5 410 438 - 590
Bairamov (1983)  [36] Raman (b) 98 378 409.5  437.5576 588
Decremps (2001)  [37] Raman (b) 99 382 414 439 574 580
Ashkenov (2003)  [38] Raman (b) - 378 409 437 572 588
Lu (2000) [39] Raman (f)*° - - — 438 - 579
Zeng (2002) [40] Raman (f)¢ - - - 437 - 579
Ashkenov (2003)  [38 Raman (f)° — 378 410 437 - 588
Ye (2003) [41] Raman (f)¢ - - — 436 563 -
Bundesmann (2006) [43] Raman (f)° - 376 410 437 - -
Ashkenov (2003)  [38]IRSE (b) -  — 4082  — 577.1 5921
Ashkenov (2003)  [38]IRSE  (f)° -~ - 409.1 - 5745 588.3
Bundesmann (2004) [7T1] IRSE  (f)° -~ 376.5 4107 - 5741 5904
Heitsch (2005) [30]IRSE (f)° - - 4060 - 5713 -
Bundesmann (2006) [43] IRSE  (f)f - 406.2f - 577.07
Bundesmann (2006) [43] IRSE  (f)8 - 409.91 - 581.9%
Decremps (2001)  [37] Theory 92 397 426 449 559 577

2 All values are given in units of cm™!

> (0001) ZnO film (PLD) on (0001) sapphire

€ (0001) ZnO film (PLD) on (001) silicon

4 (0001) ZnO film (MOCVD) on (111) silicon

¢ (1120) ZnO film (PLD) on (1102) sapphire

£ 7Zn0 film (magnetron sputtering) on metallized foil
& ZnO film (magnetron sputtering) on metallized glass
f Isotropically averaged

techniques, as for instance IRSE, are not sensitive to the A;(TO)-mode,
and are only slightly sensitive to the Ej(LO)-mode. This limitation can
be overcome by application of generalized IRSE to optically uniaxial thin
films, which are not (0001)-oriented [43,71,73]. Figure 3.9 shows the gener-
alized IRSE data (%;; only) of a (1120) ZnO thin film on (1102) sapphire,
which allows to extract simultaneously the complete DF spectra for € and
e, (Fig.3.5), the crystal orientation for both the ZnO thin film and the
sapphire substrate, and the thin film thickness. Typical IRSE spectra of a
PLD-grown ZnO thin film on silicon and two magnetron-sputtered ZnO thin
films on metallized foil or glass are shown in Fig.3.10. The corresponding
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Fig. 3.7. Polarized micro-Raman spectra of a (0001) ZnO bulk sample (a) and a
(0001) ZnO thin film (d ~ 1,970 nm) on (0001) sapphire (b). The vertical dotted and
dashed lines mark ZnO and sapphire (S) phonon modes, respectively. MP denotes
modes due to multi-phonon scattering processes in ZnO. Excitation with Ar*-laser
line A = 514.5 nm and laser power P < 40 mW. Reprinted with permission from [38]
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Fig. 3.8. (a) Experimental (dotted lines) and best-fit model (solid lines) IRSE
spectra of a (0001) ZnO bulk sample. The ZnO phonon modes, as obtained by IRSE,
are marked by wvertical arrows. (b) Experimental (dotted lines) and best-fit model
(solid lines) IRSE spectra (¥ only) of a (0001) ZnO thin film on (0001) sapphire
(upper panel, thickness d ~ 1970 nm) and of a bare (0001) sapphire substrate (lower
panel). The ZnO phonon modes, as obtained by IRSE, are marked by arrows. The
IR-active modes of sapphire are indicated by solid (TO) and dotted (LO) wvertical
markers. Reprinted with permission from [38]
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Fig. 3.9. Experimental (dotted lines) and best-model (solid lines) generalized IRSE
spectra ¥;; of a (1120) ZnO thin film (d = 145545 nm) on (1102) sapphire [43,71].
Spectra are shifted for clarity. Vertical dashed lines indicate the ZnO phonon mode
frequencies. Spectra in (a,d,g), (b,e,h), and (c,f,i) belong to different sample azimuth
angles, respectively. The best-model values of the Euler angle 6z,0, 0sapphire, Which
describe the c-axis inclination with respect to the sample normal are 89.0° 4 1.0°
and 54.9° £ 0.8°, respectively. Reprinted with permission from [71]

phonon-mode frequencies are listed in Table 3.4. Because of the submi-
crometersized randomly-oriented polycrystalline structure of the magnetron-
sputtered ZnO thin films, the optical response is isotropic, and the MDF is
that for an isotropic film providing phonon-mode parameters intermediate to
those of A;- and Ej-modes of a single-crystalline ZnO thin film.
Temperature-dependent Raman data were reported for the EéQ)—mode
of flux-grown ZnO platelets in the temperature range from 7' ~ 15K to
T ~ 1050K [127], and for the Eél)—mode, the Egz)—mode7 and the MP-mode
at w ~ 332cm™! of a ZnO bulk sample in the temperature range from 7' ~
300K to T ~ 700K [43] In Fig.3.11 the unpolarized Raman spectra and
the temperature-dependence of the phonon-mode frequencies from [43] are
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Fig. 3.10. Experimental (dotted lines) and best-fit model (solid lines) IRSE spectra
of a PLD-grown (0001) ZnO thin film on (001) silicon (panel (a), film thickness
d ~ 670nm), and magnetron-sputtered ZnO thin films on metallized polyimide
foil (panel (b), d ~ 500 nm) and on metallized glass (panel (¢), d ~ 30nm) [43].
ZnO phonon-mode frequencies, as obtained by best-model analysis, are marked by
vertical arrows

plotted. The temperature-dependence can be modeled by the empirical Bose—
Einstein equation [128,129]

A
 exp[Bhw(0)/kgT] — 1"

w(T) =w(0) (3.22)
A and B are model parameters representing the high-temperature linear slope
(0w /0T |1—0) and effective phonon-mode temperature (Bhw(0)/kg), respec-
tively. w(0) is the phonon-mode frequency at 7' = 0 K. Table 3.5 summarizes
the best-model parameters reported in [43]. In [127], a linear temperature-
dependence with dw[ES?]/0T = —1.85 x 10-2cm~'K~! was reported for
temperatures above RT.

The pressure-dependence of ZnO phonon-mode frequencies measured
by Raman scattering was reported in [37,130]. From that the Griineisen
parameters y;

Olnw;
olnV

of the vibrational modes can be obtained. Table 3.6 summarizes the Griineisen
parameters reported in [37].

Vi = (3.23)
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(a) Temperature-dependent, unpolarized Raman spectra of a

(0001) ZnO bulk sample [43]. Spectra are shifted for clarity. (b) Phonon-mode
frequencies vs. temperature as determined from the Raman data in Fig. 3.11a. The
solid lines are model approximations according to (3.22). Excitation with Nd:YAG-
laser line A = 532 nm and laser power P ~ 60 mW

Table 3.5. Best-model parameters of the temperature-dependent phonon mode
shift in Fig. 3.11b, calculated by (3.22) (Bose—Einstein model) [43]

w(0) A Bhw(0)/ks 8w /T |7 o
Mode (em™1) (em™1) (K) (em™'K™h)
EY 101.6 £0.1 6.7+ 1.7 1000 + 150 —0.007 + 0.002
MP 334.1+£04  293+6.6 1020 + 140 —0.03 4+ 0.01
E® 439.2 +0.3 48 +9 1290 + 120 —0.037 +0.01

Table 3.6. Griineisen parameters of the zone-center phonon modes of ZnO [37]

Mode Experiment Theory
i Vi Vi
ESY -1.6 ~1.67
A1(TO) 2.1 1.70
E1(TO) 1.8 1.80
EY 2.0 1.84

1.4

1.30
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3.4.2 Doped ZnO

Figure 3.12 shows typical Raman spectra of several doped ZnO thin films.
Additional modes (AM), occurring at w ~ 275, ~ 510, ~ 582, ~ 643, and
~ 856 cm™! (the first four of them are shown and marked by vertical solid
lines in Fig. 3.12), were first assigned to N-incorporation [49-51], because the
intensity of these modes was reported to increase with increasing N-content
[50]. However, the AMs appear also in Raman spectra of ZnO samples doped
with other elements (Fig. 3.12a), [48,52,53]). Therefore, it was suggested that
the AMs are related to defect-induced modes [48]. Theoretical considerations
confirmed this assignment [131]. It was discussed that the AMs could be
related to modes of ZnO, which are Raman-inactive within a perfect crystal.
Upon doping-induced defect formation, the translational crystal symmetry
can be broken, and Raman-inactive modes may become Raman-active. The
Raman spectra of the ZnO thin films with transition metals in Fig.3.12b
show a different behavior than those in Fig. 3.12a [43,48]. Raman spectra of
Feg.08Zng.920 contain the above described AMs, but with different intensity
ratios. For MnZnO, CoZnO, and NiZnO a broad band between w ~ 500 cm ™!
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Fig. 3.12. Micro-Raman spectra in the z(yy)z’ scattering configuration of several
PLD-grown, element-doped wurtzite-structure (0001) ZnO thin films on (0001) sap-
phire [43,48]. Defect-induced modes are marked by solid vertical lines. The asterisks
indicate modes, which seem to occur for specific dopant species only. Excitation with
ArT-laser line A = 514.5nm and laser power P < 40 mW
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and w ~ 600cm~! occurred [43, 58], which was also assigned to defects.
Additionally, some AMs appear to be characteristic for their dopant species
(Fig. 3.12).

3.4.3 Mg,Zn;_,0

The phonon mode frequencies of wurtzite- and rocksalt-structure Mg, Zn; _,O
thin films vs. z, as obtained by combination of Raman scattering and IRSE,
are plotted for 0 < x <1 in Fig. 3.13.

For the wurtzite-structure Mg, Zn;_,O (z < 0.53) thin films, an one-mode
behavior with a further weak mode between the TO- and LO-mode for the
phonons with F;- and A;-symmetry was found. The A;(TO)-, A;(LO)-, and
the upper branch of the E;(LO)-modes of the wurtzite-structure thin films
show an almost linear behavior, whereas the lower branch of the E;(LO)-
modes and the two E;(TO)-branches exhibit a nonlinear behavior. In [132]
the modified random element isodisplacement (MREI) model was suggested
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Fig. 3.13. Phonon-mode frequencies of wurtzite-structure PLD-grown Mg, Zn;_,O
thin films with A;-symmetry (panel a, triangles) and Eq1-symmetry (panel b, tri-
angles), and of rocksalt-structure PLD-grown Mg,;Zni_,O thin films (circles in
both panels) vs. z [43,62,72,74]. Open and solid symbols represent TO- and LO-
modes, respectively. The dashed lines are linear approximations of the rocksalt-
structure phonon modes from [74], the solid lines represent MREI calculations for
the wurtzite-structure phonon modes redrawn from [132]. The shaded area marks
the composition range, where the phase transition occurs. Reprinted with permis-
sion from [74]
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to describe the phonon-mode behavior vs. x. A good agreement for the
E1(TO)-, A1(TO)-, and A;(LO)-branches was obtained. The AM of the
upper TO-branch with F;-symmetry was assigned to the mixed mode of the
Mg,Zn;_,0O alloy, which originates from the local mode wigc,zno:Mg Of
Mg in ZnO. The extrapolation to x = 0 yields an experimental value of
Wioe,zn0:Mg = 909 cm~!. This value agrees well with the calculated local
mode Wipe,zno:Mg = H18 cm ™! [43,74].

For rocksalt-structure Mg, Zn;_,O thin films (z > 0.68), an one-mode
behavior was found by IRSE, where both the TO- and LO-modes shift lin-
early with . The phonon-mode frequencies of the MgO thin film agree well
with values of MgO single crystals (wro = 401 em ™!, wro = 719 em™1! [133)).
The shift of the TO- and LO-modes can be modeled by a linear composition-
dependence WTO;LO (x) = MTO;LOX+NTO;LO with best-fit coefficients mro =
97+4cm™ !, nro =300+ 3em™!, mpo = 157+ 10ecm ™!, and nr.o = 571+
9cm~! [43]. The extrapolation to x = 0 yield a value of wro(0) ~ 300 cm™!
and wr,o(0) ~ 570 cm~!, which should address wro and wro, respectively,
of rocksalt-structure ZnO. No experimental data have been reported for
rocksalt-structure ZnO at normal ambient conditions yet. In [134], ab ini-
tio calculations for phonon properties of rocksalt-structure ZnO were pre-
sented, which used experimental data of rocksalt-structure ZnO studied at
high pressures (~8 GPa) as input parameters. According to these calcula-
tions, wro and wro of rocksalt-structure ZnO were predicted to be 235
and 528 cm ™!, respectively. The values are smaller than those obtained from
the IRSE analysis described earlier, but both extrapolations follow the same
trend in predicting phonon-mode frequencies, which are smaller than those
of wurtzite-structure ZnO.

3.4.4 Phonon Mode Broadening Parameters

The phonon mode broadening parameter of the ZnO bulk sample? in Fig. 3.8a
is v, =13 £ 1em™!. Similar values were reported for the (0001) ZnO thin
film on (0001) sapphire in Fig.3.8b: v, = 104+ 1cm™!, and the (1120) ZnO
thin film on a-plane sapphire in Fig. 3.9: v = 15.1 £ 0.2 em™! oy =
10.7 = 0.5cm~%.2 Accordingly, the crystal quality of these ZnO thin films
are comparable with that of the ZnO bulk sample, which was confirmed by
X-ray diffraction [43].

Typical phonon mode broadening parameters for a set of ZnO thin films
grown on silicon by PLD with varying oxygen partial pressure and/or sub-
strate heater power are shown in Fig. 3.14. Heitsch et al. [30] observed that the

2 For (0001)-oriented ZnO films, IRSE data are not sensitive to the A;(TO) mode.
Accordingly, the broadening parameter 7| cannot be determined. For setting up
the MDF' parameters, it is then often assumed || = 71, which has no influence
on the validity of v, [73].

% For off-axis oriented ZnO samples, both 7| and 7. can be determined [73]
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Fig. 3.14. Phonon mode broadening parameters, as determined by IRSE, vs. oxy-
gen partial pressure for a set of PLD-grown ZnO thin films on (111) silicon. Trian-
gles and squares represent data of thin films grown with substrate heater power of
P =400 W and P = 600 W, respectively. Reprinted with permission from [30]
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Fig. 3.15. Phonon mode broadening parameters of PLD-grown rocksalt-structure
Mg,Zni—,O thin films on sapphire. Reprinted with permission from [74]

phonon-mode frequencies vary only slightly, but the phonon mode broadening
parameters showed a systematic variation with varying p(Os). This variation
is assigned to a varying crystal quality, which was confirmed by TEM and
PL measurements [30]. The crystal quality is suggested to be best, when the
oxygen partial pressure is chosen between p(O2) = 0.01 mbar and p(O3) =
0.03 mbar. Too much or too few oxygen seems to introduce more defects.

The broadening parameters are also influenced by the growth tech-
nique, the substrate material, and the film thickness. For example, as can
be seen from the IRSE spectra of the ZnO thin films in Fig.3.10a (PLD,
silicon substrate, d ~ 670nm), b (magnetron sputtering, metallized foil,
d ~ 500nm), ¢ (magnetron sputtering, metallized glass, d ~ 30nm),* where
vi =14+1cm !, y=23+1cm™ !, and v = 32+ 1cm~! was found, respec-
tively, indicating a decreasing crystal quality from (a) to (c).

In addition to defects and impurity incorporation, alloy-induced disor-
der further increases the phonon mode broadening parameters, as discussed

4 Magnetron-sputtered films contain randomly oriented crystallites, and the opti-
cal response is isotropic with one lattice mode broadening parameter only.
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in [43,72,74] for rocksalt-structure Mg, Zn;_,O thin films (Fig. 3.15). Except
for the data point with z = 0.78, a systematic increment of v with increasing
Zn-content is obvious.?

3.5 Plasmons

So far, all observed free-charge-carrier contributions to the optical properties
of ZnO and related materials are only due to n-type conductivity, because
reproducible and sufficiently high p-type conductivity is still a challenge.
Therefore, all data presented here address n-type conductive samples.

Figures 3.16 and 3.17 depict typical IRSE spectra of PLD-grown ZnO
thin films doped with different Ga- and Al-contents, respectively, reflecting
the influence of the free charge carriers on the IR response of the doped ZnO
thin films [43].

Zn0:Ga / a-Al,0g A

N=3.9*10""%cm™ 1
d=787nm

N=6.3*10""%cm™

E d=954nm
B- -
Y \ AN=1.810"%m™ b
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45F ]
30 N=8.3*10""cm™ 7
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Fig. 3.16. Experimental (dotted lines) and best-model calculated (solid lines)
IRSE spectra of PLD-grown Ga-doped ZnO thin films on sapphire with differ-
ent free-charge-carrier concentration and thickness parameters as indicated next to
the respective graphs [43]. Spectra are shifted for clarity

5 The Mgo.78Zno.220 thin film was grown at a higher oxygen partial pressure
(p(O2) = 0.16 mbar) than all other films (p(O2) = 0.01...0.05 mbar). Therefore,
~ is not only increased by the alloying-effect, but also by a lower crystal quality
(see Fig. 3.14).
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Fig. 3.17. Experimental (dotted lines) and best-model (solid lines) IRSE spectra
of an highly Al-doped ZnO thin film (d ~ 1400 nm) grown by PLD on sapphire [43].
The best-model free-charge-carrier parameters are N = (5.740.1) x 10"cm ™3, uﬁpt

=7cm? Vs, and pP" = 106cm* V- 's!

The experimental IRSE data were analyzed assuming an isotropically-
averaged effective electron mass parameter of m* = 0.28 me [135].% There-
upon, the free-charge-carrier concentration N and the optical mobility
parameters u** (i = ||, L) were obtained [43]. The results of the TRSE-
analysis of two sets of Ga-doped ZnO thin films are summarized in Fig. 3.18.

For comparison, the results of electrical Hall-effect measurements per-
formed on the same samples are also included in Fig.3.18. Both sample
sets reveal increasing free-charge-carrier concentration and free-charge-carrier
mobility parameters with decreasing oxygen pressure and a maximum free-
charge-carrier concentration of about N ~ 4 x 10'%cm=2. N and )| obtained
by IRSE and Hall-effect agree reasonably well. Note that the Hall-effect mea-
sures for ¢-plane orientation g only. For (0001) ZnO thin films, IRSE anal-
ysis revealed an anisotropy of the mobility parameters, which was found to
fulfill always the relation ,u‘l)lpt < uSP.

Figure 3.19 depicts IRSE spectra of two magnetron-sputtered polycrys-
talline Al-doped ZnO thin films with high and extremely-high N values.
Because of the large electron density of N = 1 x 102'cm ™3, the strong plas-
mon contribution to the DF in the IR range completely screens the polar
lattice mode excitation in this sample.

In highly-doped samples, or samples with codoping, it is often found that
free charge carriers are not homogeneously distributed across the layer depth,
but rather adopt a certain concentration profile. Figures 3.20a,b depict IRSE
spectra of a Cu-doped ZnO thin film, together with two different best-model
calculated data sets. In Fig. 3.20a, two layers were included into the model
calculation, allowing for independent free-charge-carrier parameters within
the two sublayers, whereas the phonon-mode parameters within the two layers
share a common set. Figure 3.20b shows best-model calculations assuming

6 Tt is implied that the inverse conduction band effective mass tensor does not
depend on the wavevector k, and that the inverse effective mass tensor renders
the unit matrix times a k-independent scalar parameter (m*)~!.
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Fig. 3.18. Free-charge-carrier concentration (a,b) and mobility parameters (c,d) of
Ga-doped ZnO thin films on sapphire vs. oxygen pressure during PLD-growth [43].
Triangles and circles correspond to the results determined by IRSE and Hall-effect
measurements, respectively. Panels (a,c) and (b,d) contain the results of the films
grown with 0.1 and 0.5 mass percent Ga20O3 powder within the PLD target, respec-
tively. Up- and down-triangles in panels (c) and (d) represent the anisotropic optical
mobility parameter u‘l"pt and uSP*, respectively
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44 .. q
N ~.."
a0t N=1.0(0.2)10"%cm® i
: p°P'=2.03(0.02)cm?/V's
> d=210nm
40+ 1
38 b

400 600 800 1000 1200 1400
o[ecm™]

Fig. 3.19. Experimental (dotted lines) and best-model (solid lines) IRSE spectra
of two polycrystalline Al-doped ZnO thin films grown by magnetron sputtering
on metallized polyimide foil [43]. The best-model free-charge-carrier concentration,
optical mobility, and thickness parameters are indicated
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Fig. 3.20. Experimental (dotted lines) and best-model (solid lines) IRSE spectra
of a PLD-grown Cu-doped ZnO thin film (d ~ 1450 nm) on sapphire [43]. Panel
(a) contains the best-model calculation, which is obtained by dividing the ZnO
layer into two sublayers with different free-charge-carrier parameters, as sketched
in the inset. The best-model free-charge-carrier parameters in sublayer #1 (d ~
900nm) are N = (8.15 £ 0.01) x 10"®¥ cm™®, " = (32.5 £ 0.3)cm® Vs, and

uﬂpt =(29.9 4+ 0.4) cm®> V™' s7!. The free-charge-carrier concentration in sublayer
#2 (d ~ 550 nm) is below the IRSE detection limit of N ~ 5 x 10" cm™3. Panel (b)
contains the best-model data, which are obtained by modeling the ZnO thin film

as one homogeneous layer

a single layer for this sample. As can be seen, the best-model calculation
improved considerably upon inclusion of a second layer, where it turns out
that a large free-charge-carrier depleted zone (depletion layer) has formed
near the top of the deposited thin film [43].

3.6 Below-Band-Gap Index of Refraction

3.6.1 ZnO

Figure 3.21a,c shows the index-of-refraction spectra n|| and n of ZnO below
the fundamental band gap. The dispersion of the spectra can be described
by the Cauchy formula [117]

2 (k) .k (k) .k
niw, ) = 5 | AWk 4 lAf + 1Af : (3.24)

where A denotes the vacuum wavelength and ¢ indicates the two polarization
directions (¢ = ||, L). The parameter = describes the composition depen-
dencies of the Cauchy parameters for Mg,Zn;_, O compounds (Sect.3.6.2).
The use of the Cauchy formulae requires a high-frequency (short-wavelength)
limitation, which is approximated here by 90% of the respective fundamen-
tal band-to-band transition energy (band gap energy). The parameter A; is
equal to |/Ex i, ignoring finite absorption due to defect- or impurity-related



106 C. Bundesmann et al.

Photon energy [eV]

10 15 20 25 3.0 35 1 2 3 4 5 6 7
Fr T T T T T T e
L Mg,Zn, O x=0(znO) (a) ] F.x=0.68 (b) ]
21 10 X - 21
b 0.10 E ]
L 0.15 C ]
20 | 047 ¢ 420
— L C ]
< 19fF - J19°
18 F - J1s
YE e A B bt @
:' "I"': :|||||||||||||| ||||||:

005 F ©71F 5.3e V (d) 4 2.1
0.00 | 1B —:2.0
. F 1t . _
< -0.05 F 1K 3.4e Vv J19 &
c o - - -] -

-0.10 | —o023 4F ]
- = 1F 118
: 0.29 1 | ©1.0ev N:
-0.15 | 037 - 1,
T T TR T TR DU | I I S D T = L

10 15 20 25 30 35 00 02 04 06 08 10
Photon energy [eV] X

Fig. 3.21. Index-of-refraction spectra of PLD-grown ZnO and Mg,Zni_,O thin
films. (a) and (b): n, for wurtzite-structure and n for rocksalt-structure
Mg.Zni—.O, respectively. (c) Birefringence nj—ny for wurtzite-structure
Mg,Zni—,0. For some of the curves error bars are indicated. (d): n, (z < 0.45)
and n (z > 0.6) for selected photon energies according to (3.24) and Tables 3.7 and
3.8 (solid lines), and experimental data points (symbols) from individual thin film
samples. The dashed lines in panels (a) and (c¢) represent values from an a-plane
ZnO single crystal bulk sample [121], and in panel (b) from an MgO single crystal
bulk sample [136]. Reprinted with permission from [15,16]

below-band-gap transitions. The Cauchy-parameters of ZnO are summarized
in Table 3.7.

The birefringence, which is defined by An=mn — n, is positive with
reported values ranging from An = 0.001 to An = 0.05 [15,76,95,121,
124,137]. Figure 3.22 plots the temperature derivative dn/dT for n, within
the temperature range from 7' = 40K to T" = 800K with an almost linear
increase of dn  /dT with photon energy.

3.6.2 Mg,Zn;_,0

Typical index-of-refraction spectra of Mg,Zn;_,O thin films with wurtzite
and rocksalt structure are plotted in Figs.3.21a—d. Data for 0 < z < 1
originate from thin film measurements, those for x = 0 and =z = 1 are
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Table 3.7. Cauchy parameters (3.24) for wurtzite-structure ZnO and Mg, Zn;_,O

A(_O) A(_l) B(O) B_(l) C_(O) Cfl)
(10"%pm?) (10~ pm*)
Mollwo (1954) (137]* ny  2.001 —2.08 9.8
ny,  1.991 —2.52 10.5
Bond (1965) [124]* ny  1.925 3.05 1.61
ny  1.911 2.91 1.74
Hu (1997) [138]° n,  1.9281 —0.0011 5.97
Yoshikawa, (1997) [76]* n;  1.962 —1.19 9.4
n,  1.961 —2.10 11.5
Jellison (1998) [121]* ny  1.947 1.18 4.7
n, 1939 0.63 5.4
Sun (1999) 79> =»  1.909 1.51 4.7
Teng (2000) [95]° ny 1915 —0.26 292  —29 1.7 =30
n, 1.899 —0.25 285 —32 1.6 —3.1
Schmidt (2003)  [15]° njy  1.966 1.81 3.6
n, 1.916 1.76 3.9
Schmidt (2003)  [15]* n; 1.844 —0.78 1.81 —45 36 —4.9
n, 1916 —0.57 176 —45 39 —4.9
# ZnO single crystal bulk
b 710 thin film
¢ MgzZnq—50O thin films with 0 <z < 0.36
4 Mg, Zn; O thin films with 0.1 < z < 0.37
T
ZnO 0
< 10 gl T
<
o L 4
d Ot
— 09 O 4
° L O _
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<
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Fig. 3.22. Temperature dependence dn, /dT of the index of refraction of ZnO
below the band gap for selected photon energies, as determined in the temperature
range from 7' = 60K to T' = 800K. dn, /dT was found to be nearly constant in
the studied temperature range

supplemented by data from single-crystal bulk samples. The corresponding
Cauchy parameters are listed in Tables 3.7 and 3.8. In general, with increas-
ing x, the indices of refraction decrease. Figure 3.21c shows the birefringence
spectra. For > 0.1, An is negative [15], in contrast to ZnO (Sect. 3.6.1), and
increases with increasing Mg content x. Figure 3.21d shows the composition
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Table 3.8. Same as Table 3.7 for rocksalt-structure Mg, Zn;_,O

AO AW A@) g0 ) @) ~(0)  ~() (2)

(10" pm?) (10~% pm)
Chen (2005) [139]* 2.016 —0.4850.160 0.7 1.7 -1.8 1.9 —2.5 0.7
Schmidt-Grund (2006) [16]> 2.146 —0.5080.083 1.6 —2.5 1.3 1.38 —1.480.36

& Mg, Zni—,0 thin films with 0.57 <z <1
> Mg, Zni_.O thin films with 0.68 <z <1

dependence of the index of refraction, exemplarily, for three different photon
energies [15,16]. In analogy to the discontinuous composition dependence of
the static and “high-frequency” dielectric constants (Sect. 3.3), the phonon-
mode frequencies (3.4.3), and the fundamental band-to-band transition ener-
gies E§ (Sect.3.7.2), the index of refraction reveals a strong discontinuity
and increment upon phase transition. Note that second-order Cauchy coef-
ficients are required to describe the composition dependence of the index of
refraction for the rocksalt-structure compounds.

Sum rule considerations [140] imply that the discontinuity in the refrac-
tive index must be accompanied by a substantial increase of the oscilla-
tor strengths of higher energy transitions above the spectral range, from
which data are available (E < 10eV). Otherwise the discontinuity of the
lowest band-to-band transition energy (Sect.3.7) would cause a decrease in
the refractive index if the oscillator strengths within the rocksalt-structure
part of the alloy would remain comparable to those within the wurtzite-
structure part.

3.7 Band-to-Band Transitions and Excitonic Properties

3.7.1 ZnO
3.7.1.1 Band-to-Band Transitions

The DF spectra of wurtzite-structure ZnO within the VIS-to-VUV spectral
region contain CP structures, which can be assigned to band-gap-related elec-
tronic band-to-band transitions Ef with o = A, B, C and to above-band-gap
band-to-band transitions F? with 3 = 1,...,7. The E§-related structures
can be described by lineshape functions of the 3DMy-type (3.9 and 3.10), the
CP structures with 5 =3,4 by lineshape functions of the 2D Mjy-type (3.11),
and the CP structures with 5=1,2,5,6,7 can be described by Lorentzian-
damped harmonic oscillator functions (3.13). The CP structures E§ are sup-
plemented by discrete (3.14) and continuum (3.16) excitonic contributions.
Tables 3.9 and 3.10 summarize typical parameters of the CPs ES and E°,
respectively, of ZnO [15].
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Table 3.9. Typical energy, amplitude, and broadening parameters of near-band-
gap CP structures E§ (o = A, B, and C) and their exciton polarizabilities of ZnO
obtained from SE analysis of multiple sample sets at RT

€L €|
E§ (eV) 3.366 + 0.004
Al (eV3/2) 6.5+ 1.1 1.5+ 13
A2 (eV?) 0.33 + 0.02 0.03 %+ 0.03
ALA (eV) 0.023 + 0.003 0.015 + 0.010
EP (eV) 3.380 + 0.004
AP (eV3/2) 1.5+ 1.1 0.0 + 1.0
AB, (eV?) 0.097 + 0.016 0.00 & 0.10
ALP (eV) 0.044 + 0.009 0.000 + 0.010
E§ (eV) 3.434 4+ 0.018
AS (eV3/2) 0.21 £+ 0.4 1.6 £ 0.8
AS, (eV?) 0.017 £ 0.015 0.57 + 0.07
ALE (eV) 0.026 + 0.008 0.078 + 0.009
E., (eV) 0.060 =+ 0.002
Ty~ Tye ~ Ty (eV) 0.020 + 0.009

Table 3.10. Same as Table 3.9 for CP structures E® (8=1...7)

E1 E”
ET (eV) 5.494 + 0.063 5.268 + 0.09
Al 0.50 + 0.08 0.22 + 0.13
rt(ev) 3.6 + 0.6 3.0+ 0.8
E? (eV) 6.494 + 0.02 6.419 + 0.17
A? 0.16 + 0.03 0.06 + 0.01
2 (ev) 1.0 +£ 0.1 0.53 + 0.09
E3 (eV) 7.135 + 0.021 7.086 + 0.013
A3 0.34 + 0.04 0.09 + 0.02
3 (ev) 0.29 £ 0.02 0.11 £ 0.02
E* (eV) 7.537 + 0.040 7.341 + 0.015
A* 0.18 + 0.06 0.07 + 0.01
I (eV) 0.32 £+ 0.03 0.10 £+ 0.03
E® (eV) - 8.167 4 0.044
AP - 0.55 + 0.04
I’ (eV) - 1.95 + 0.15
ES (eV) 8.707 + 0.005 8.881 + 0.005
AS 0.48 + 0.05 0.85 + 0.04
I'% (eV) 1.03 + 0.08 1.05 + 0.03
E7 (eV) 9.044 + 0.008 -
A" 0.13 + 0.04 -
" (eV) 0.49 £ 0.08 -
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3.7.1.2 I'-Point Fundamental Band-to-Band Transition

The fundamental absorption edge in ZnO corresponds to the direct transition
from the highest valence band to the lowest conduction band at the I'-point
of the Brillouin zone [141]. RT-data for the energy of the lowest I'-point
band-to-band transition are summarized in Table 3.11.

3.7.1.3 I'-Point Valence-Band Ordering

The lowest conduction band of ZnO exhibits I7-symmetry. The highest valence
band of ZnO is split into two bands with I7- and one band with I'y-symmetry due
to the spin-orbit and crystal-field interactions [76,154-158]. The corresponding
three lowest I'-point band-to-band transition energies are denoted here by Eg.
So far, the order of the highest valence bands of unstrained ZnO, I'7-T9-17 (I'797)
or I'g-I'7-I'7 (Ig77), is still a subject of debate [157,158]. The RT properties
of the E§-band-to-band transitions of ZnO thin films deposited on sapphire
substrate were reported as follows: Although for £, all amplitude parameters
Ag, AF, and A§ are finite, for e the E¥ transition is suppressed (AF = 0) in
agreement with theoretical predictions for the case of the valence-band order
1797, where transitions between the conduction band and the valence band
with I'y-symmetry are forbidden to couple to photons polarized perpendicular
to the optical c-axis [76].

3.7.1.4 Crystal-Field Splitting
and Spin—Orbit Coupling Parameters

The quasi-cubic model approximation can be invoked to calculate the crystal-
field splitting (Acf) and spin-orbit coupling (As,) parameters from E§ [76,
159,160]

1
Ay = -5 (A12 — Az + \/(Alg +Ag)” - 6A12A13) ) (3.25)

1
Ao = —3 <A12 — Az — \/(Am +Ayg)? — 6412413> : (3.26)

where A;; = E§' — E;’ are the valence-band splitting energies. Reported
Acs- and Ago-values for ZnO are summarized in Table 3.12.

3.7.1.5 Excitonic Properties

Discrete and continuum free exciton contributions can be identified for each of
the band-to-band transitions E§. Sharp resonance features are superimposed
to each of the Ef CP structures because of discrete exciton lines, where the
ground and first excited state (n = 1,2) can be seen at RT, and the second
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Table 3.11. RT-data for E§ (lowest I'-point band-to-band transitions) and Eg
(fundamental absorption edge determined from transmission measurements), and
E}, of ZnO single crystal bulk samples (b) and ZnO thin films (f)

By Eg Eg E§  Ey

(er)  (gy) (ex) (=)
Ref. Sample (eV) (eV) (eV) (eV) (meV)
Yoshikawa (1997) [76] (b) 3450 3450 * P 59 59
Jellison (1998)  [121] (b) 3.372 3.405 56 50
Washington (1998) [78] (f) 3.372 60
Muth (1999) [142] (f) 3.40 3.45 3.55 c
Kang (2000) [00] (f) 3.34 60
Rebien (2002) [122] (f) 3.37
Zhao (2002) [96] (f) 3.4 60
Djurisic (2003)  [143] (b) 3.406 3.445 7273
Djurisic (2003)  [143] (b) 3.407 34889 ¢ ¢ 90 78
Ozaki (2003) [144] (b) 3.380  3.304 3.438
Schmidt (2003)  [15] (f) 3.366  3.380 3434 60
Kang (2004) [82] (b) 3.373 3.407 55.3 51.3
Kang (2004) [82] (f) 3.378 3.413 61.1 72.8
Srikant (1997) [145] (f) 3.24...3.32
Ohtomo (1998)  [11] (f) 3.29
Studenikin (1998) [146] (f) 3.195 ...3.370
Paraguay (1999)  [147] (f) 3.28
Meng (2000) [148] (f) 3.21
Minemoto (2000) [99] (f) 3.24
Postava (2000) [80] (f) 3.35...3.44 45...71
Santana (2000) [149] (f) 3.28
Park (2002) 87 (f) 3.25
Tokumoto (2002) [150] (f) 3.28
Takeuchi (2003)  [98] (f) 3.28
Chen (2003) [100] (f)  3.273
Shan (2003) [151] (f) 3.25...3.28
Misra (2004) [152] () 3.28
Shan (2004) 07 (f)  3.274
Zhao (2005) [153] (f) 3.25...3.27

& Ei,’ba with a = A, B, and C is 68, 65, and 63 meV, respectively

b €1:3471eV, ey 3.432 eV

©e1:3.548eV

d e1:3.453eV

©e1:3484¢eV, g: 3.484eV

fEL® with a = A, B, and C is 63.1, 50.4, and 48.9 meV, respectively

exited state (n = 3) evolves at low temperatures (3.15, Figs. 3.5, 3.23 [15]).
It is often assumed that E7, := E%* = E%P = E%C for transitions E.
Table 3.11 summarizes data reported for E;b by various authors. An MDF
parameter set for the exciton contributions to the DF is listed in Table 3.9.
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Table 3.12. Crystal-field splitting (Act) and spin-orbit coupling (Aso) energies
for ZnO single crystal bulk samples (b) and ZnO thin films (f) depending on the
assumed valence-band ordering®

Valence-band Ac¢ Ago
Ref. Sample Temp. ordering (meV) (meV)
Liang (1968)  [161] (b) RT o 40.8 —47
Langer (1970)  [162] (b) RT Torr 43 19
Reynolds (1999) [163] (b) RT Ty77 43 16
Mang (1995)  [164] (b) RT o 39.4 —3.5
Srikant (1997)  [145] (f) RT Tror 42 -5
Ozaki (2003)  [144] (b) RT Torr 45 27
Ozaki (2003)  [144] (b) RT o 49 ~19

(

Schmidt-Grund (unpubl.) (f) RT — 5K Iorr — Irer’ 50 — —82 19 — 16
Schmidt-Grund (unpubl.) (f) RT — 5K I7r97 — Tyt 51 — —82 —15 — —18

# Regardless of the assumed valence-band ordering, A.s is positive at RT and neg-
ative at T' = 5 K. This implies that the valence-band ordering must change (T) due
to temperature-induced biaxial-strain variation

The amplitude parameter selection rules for the discrete and continuum exci-
ton contributions were found concordant with those of the Ef transitions.

3.7.1.6 Temperature Influence on the I'-Point Transitions

The I'-point transition energies shift to lower energies with increasing temper-
ature. The energy shift is accompanied by a continuous lineshape broadening,
and is caused mainly by the increase in electron—phonon interaction.

The influence of the electron—phonon interaction on the band-to-band
transition energies E§ at low temperatures is often addressed by the Varshni
equation [165]

OévT2

T+ 0p
E§(0) is the transition energy at T = 0K, ay is a model parameter, and fp
is the Debye temperature.

At higher temperatures the semiempirical Bose-Einstein model function
can be applied [129, 166]

E§(T) = B5(0) (3.27)

« a aBEeBE

which assumes an effective phonon-mode temperature gg. E§ (0) is again the
transition energy at T = 0 K, apg is a model parameter. Reported parameters
for the Varshni and the Bose—Einstein model for ZnO bulk samples are given
in Table 3.13.

It was pointed out that contributions due to acoustical and optical
phonons must be considered for ZnO [169-172]. This is done by the two-
oscillator model [169,173]
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Fig. 3.23. Im{e, } of a PLD-grown ZnO thin filmat T = 5K, RT, and T' = 830K in
the photon energy range of the lowest I'-point band-to-band transitions determined
by SE. The inset depicts the contributions of the discrete (¢*%C) and the
continuum (% 45-C) exciton polarizabilities and the lowest I'-point band-to-band
transitions (53DM0’A’B’C) at T'= 5 K. The ground, first, and second excited exciton
states (n = 1,2,3) are labeled (3.15). Note the axis brake in the inset. Reprinted
with permission from [85]

Table 3.13. Parameters of the temperature dependence of E§' according to the
Varshni and Bose—Einstein model for ZnO single crystal bulk samples

Varshni-model Bose—Einstein-model

E§H(0K) ay oo  E¢(0K) QBE 0BE

Ref. (eV) (107*eVK™) (K) (eV) (107%VK™!) (K)

Boemare (2001) [167] 3.4407 6.7 672 3.436 2.5 203
Ozaki (2003) [144] 3.441 6.5 660

Wang (2003) [168] 3.440 8.2 700  3.440 3.75 240

EXT —« 3.29

0 (1) = 20ZeXpG/T—l ( )

which describes the electron—phonon coupling in ZnO for both low and high
temperatures. 0; are the associated phonon temperatures, and W; represent
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Table 3.14. Parameters of the temperature dependence of the transition energy
E§ and the discrete free exciton FWHM Wao according to the 2-oscillator model
for a ZnO thin film*

Eg(0)/W20(0) 20 01 02 020 0p

E§ /Wao (eV) (107%VK™ Wy (K) (K) (K) & (K)
Eg 3.4365 4.1 0.30 145 529 414 042 621
(0.0004) (0.1) (0.05) (25) (30) (28) (0.10) (42)

Wao 0.0124 2.8 027 129 680 531 046 797
(0.0010) (0.5) (0.18) (50) (50) (50) (0.12) (75)

# Note that W2 =1 — W1; Numbers in parenthesis are error bars

their relative weight. E§(0) is the transition energy at T = 0K. ago is
the slope of the energy shift at temperatures far above the highest phonon
temperature.” Figure 3.25b depicts E4'(T)-data obtained from a (0001) ZnO
thin film on (0001) sapphire together with the best-model calculation accord-
ing to (3.29) with k=2. The best-model parameters are given in Table 3.14.
Here, the ES‘(O)—data are not corrected for an energy shift, which origi-
nates in the thermal-expansion-mismatch induced biaxial strain® between
the ZnO thin film and the substrate. The phonon energy of the first branch
kpf; ~13meV (w ~101cm™1) falls into the range of the acoustical phonon
branch of ZnO [106, 174, 175]. The energy of the second phonon branch
kpfy ~46meV (w ~368cm~1) is in good agreement with the phonon-band-
edge, i.e., close to the energy of the lowest occupied states of the high-
energy ZnO optical phonon branch. The latter extends from about 47 meV
(w[A1(TO)] = 380cm™!) to about 73meV (w[F;(LO)] = 588cm™1) [38].
Calculations of the phonon density of states showed a strong maximum at
the lower part of the upper phonon branch [174]. According to W; =0.30
and Wy =0.70 optical phonons contribute much stronger to the temperature
dependence of Eg! than acoustical phonons. The Debye-temperature can be
estimated by Op ~ (3/2)020 [176]. Tables 3.14 summarizes the parameters for
the temperature dependence of E§' for a ZnO thin film.

The electron—phonon interactions also influence the linewidth of the
interband and exciton transitions. This temperature-dependent homogeneous

7 An effective phonon temperature can be defined, e.g., for k=2, by the weighted

mean-value of the discrete phonon temperatures, 620 =W1601 + Wab2. The
material-related parameter = \/(92 — 020)(620 — 01)/620 can be used to dis-
tinguish between weak (0 < 0.33), intermediate (0.33 <§<0.577), and strong
coupling regimes (6 > 0.57) [173]. For ZnO the coupling regime is intermediate
(Table 3.14).
Of more subtle influence is the biaxial strain in thin film samples, which is
introduced upon different thermal expansion coefficients for the film and the
substrate material. Furthermore, the biaxial strain can depend on the growth
history. On this matter the amount of available information is not exhaustive.

oo
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Fig. 3.24. Experimental data (symbols) of the FWHM W of the discrete free
exciton together with model calculations (solid line) according to the two-oscillator
model (Wa20(T), 3.30) vs. temperature of a ZnO thin film

broadening is superimposed by the (often assumed) temperature-independent
lifetime and inhomogeneous broadening due to exciton-, disorder-, and defect-
induced exciton scattering. Within the 2-oscillator model, the temperature
dependence of the full width at half maximum value (FWHM) W can be
described, similarly to the temperature dependence of the fundamental band-
to-band transition energy [177], by

Wao(T) = W20 (0) — a20 Z % (3.30)

with Wao (T = 0K) = Who(0) and all other parameters as defined in (3.29).
Figure 3.24a depicts the temperature dependence of W for the E64 exciton
line and the best-model calculation according to (3.30). The experimental
data were obtained from MDF analysis of temperature-dependent SE spec-
tra taken from a (0001) ZnO thin film on (0001) sapphire. The corresponding
parameters aso, W;, and 6; are summarized in Table 3.14. The best-model
free-exciton FWHM at T = 0K is Wao(0) = 12.4 + 1meV. This value is
larger than the FWHM value of ~2... 5meV for the donor bound exciton
measured by low-temperature cathodoluminescence and photoluminescence
excitation spectroscopy [15,19]. Figure 3.25a shows the temperature depen-
dence of the E§ transition energy parameters. At high temperatures the
slope is linear. Table 3.15 summarizes (OE§ /0T)|r—o0 and (0Eg/0T)|1— 00
data for ZnO. Superimposed on the electron—phonon coupling-induced band
shift are again effects due to thermal-induced biaxial strain, which effects the
crystal-field splitting parameter. The spin-orbit coupling parameter should
depend only slightly on temperature.
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Fig. 3.25. (a): I'-point band-to-band transition energies E3 (squares), E§ (trian-
gles), and E§ (circles) of a PLD-grown ZnO thin film as a function of temperature
obtained by SE. (b) Data for E§ from SE (solid symbols) and low-temperature PL
(open symbols), and model calculations according to (3.29) (solid line). The inset
enlarges the temperature range 7' < 120 K.

Table 3.15. High-temperature slope (9E§/0T)|7—oo in units of 107*eVK™" of
ZnO single crystal bulk samples (b) and ZnO thin films (f)

Ref. Sample  E& EZ E§  E,
Watanabe (1964) [178] (b) -8
Ozaki (2003) [144] (b) 34 -34 —34
Ozaki (2003) [144] (b) —29 —29 -29
Schmidt-Grund (unpubl.) () —4.3 —43 4.1

3.7.2 Mg,Zn,;_,0
3.7.2.1 I'-Point Band-to-Band Transitions

Mg, Zn;_,O crystallizes in the wurtzite or in the rocksalt structure, depend-
ing on the Mg mole fraction x. The alloys remain direct-gap materials over
the whole composition range. The wurtzite-structure part reflects a valence-
band structure, which is similar to ZnO. For the rocksalt-structure part the
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Fig. 3.26. Energies of the fundamental absorption edge Eg (open symbols) and the
lowest I'-point band-to-band transition E§' or E& (filled symbols) of MgyZn1—-0,
as determined by transmission measurements (T) and SE, respectively. Filled
squares: Refs. [15,16] (SE), filled circles: [95] (T), filled diamonds: [90] (SE), filled
up-triangles: [96] (T), filled down-triangles: [82] (SE), open circles: [11] (T), open
diamonds: [97] (T), open up-triangles: [14] (T), open down-triangles: [98] (T), open
left-triangles: [99] (T), open right-triangles: [100] (T). The lines depict numeri-
cal approximations according to (3.31) with the parameters in Table 3.16 for E
(wurtzite-structure Mg, Zn;_,0) and EP (rocksalt-structure Mg, Zn;_,O)

crystal-field splitting parameter vanishes, and the valence band is split into
two bands only, with EP = Ey and EF = FEy + Ay, and their CP structures
can be well adopted by those of the 3D My-type (3.9). Figure 3.26 summarizes
data of the band gap energies of Mg,Zn;_,0O vs. z.

With increasing Mg-content the I'-point band-to-band transitions shift to
higher photon energies with a small bowing, which can be described by

E§(z) = E§(z = 0) + p“z + ¢“z”. (3.31)

The best-model parameters p* and ¢* from [15,16] are given in Table 3.16.

The data in Table 3.16 may be used to estimate the band gap energy for
unstrained wurtzite-structure MgO of E§' = 6.9 eV and for rocksalt-structure
7Zn0 of Ef = 7.6eV, with stronger bowing for the rocksalt-structure than
for the wurtzite-structure occurrence of the alloys. Theoretical band-structure
calculations for ZnO revealed the high-pressure rocksalt-structure phase as
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Table 3.16. Best-model parameters for the Mg-content dependence of the I'-point
band-to-band transition energies E§ (3.31) at RT [15,16]

o T Eg(x =0) (eV) p® (eV) q* (eV)
A 0...0.51 3.369 £0.002 1.93 +£0.06 1.574+0.25
B 0...0.51 3.379 £0.003 2.0+£0.1 1.94+04
C 0...0.23 3.427 £0.007 2.2+0.3 1.44+0.9
D 0.68...1 7.6£0.5 —7+1 7.0+1
FE 0.68...1 8.0+0.8 —75+2 72+15

an indirect gap material (Eing ~ 5.4eV), for which the I'-point band gap
energy EP = 6.54¢V is predicted to be much larger than Ef' = 3.34eV of
the wurtzite-structure ZnO [121,179,180], which is in qualitative agreement
with the extrapolation in Fig. 3.26.
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