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Basic Properties of ZnO, GalN,
and Related Materials

T. Hanada

Abstract. Structural, elastic, and electronic properties of the group-III nitride and
the group-1I oxide semiconductors are introduced here with basic material param-
eters. These materials generally have uniaxial anisotropy due to the wurtzite-type
crystal structure. The basic formulae on the elastic properties and the electronic
structures characterized by the uniaxial anisotropy are presented in this chapter.

1.1 Introduction

The group-III nitride and the group-II oxide semiconductors have direct
bandgaps, which cover the ultraviolet to infrared energy range. Particularly,
the wide bandgap of AIN, GaN, and ZnO is favorable for short-wavelength
light emitting devices and high-power devices. Figure 1.1 shows the relation
between bandgap energy and wurtzite lattice constant a or 1/v/2 of zincblende
lattice constant ayzp for AIN, GaN, InN, and their alloys [1].

Figure 1.2 shows bandgap energy and lattice constants of wurtzite
Be,Zn; ;O [2], Mg,Zn;_,O [3,4], and Zn;_,Cd,O [4-6] alloy films. ZnO
also attracts attention owing to the large exciton binding energy, which is
expected to be favorable for high efficiency light emitting devices up to high
temperatures. A set of basic data and related formulae on the structural, elas-
tic, and electronic properties of the group-III nitride and the group-II oxide
semiconductors will be introduced in this chapter.

1.2 Crystal Structure

1.2.1 Crystal Structure of Related Materials

Crystal structure of ZnO, AIN, GaN, and InN is usually the hexagonal
wurtzite (WZ) type, which has nearly the same tetrahedral nearest-neighbor
atomic coordination as cubic zincblende (ZB) type structure. As shown in
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Fig. 1.1. Relation between bandgap energy and lattice constant a for wurtzite or
azs /2 for zincblende AIN, GaN, InN, and their alloys [1]
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Fig. 1.2. Bandgap energy (a) and lattice constants a and ¢ (b) of wurtzite
Be,Zni1-,0 [2], Mg,Zn,1—_,0 [3,4], and Zn,_,Cd,O [4-6] alloy films. Dashed line
is a line between a of bulk BeO [7] and a of the ZnO film. Solid lines are quadratic
fittings of measured points (symbols)

Figs. 1.3a,b, the WZ structure has AaBbAaBbAaBb... stacking sequence
along the [0001] axis, while the ZB structure has AaBbCcAaBbCec. . . stacking
sequence along the [111] axis, where A (a), B (b), and C (c¢) denote three kinds



1 Basic Properties of ZnO, GaN, and Related Materials 3
(a) (b) (c)
[001]  |«—a,—>

[001]  [111] [0001] [001]  [111]
AN

i

c a, c
B | »>[113]  @_ B |—>[1070] B | > [117]
A A

Fig. 1.3. Atomic structure of zincblende (a) wurtzite (b) and rocksalt (c) structures.
Closed circle, open circle, and thick solid line represent cation, anion, and projection
of two bonds, respectively
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of cation (anion) position in the triangular lattice on the (0001) and (111)
planes. If the difference between the WZ and ZB structures is only the stacking
sequence, WZ lattice constants a and ¢ have relation as ¢/a = \/8/3 =1.633
and internal parameter u = 3/8 = 0.375, where uc corresponds to the length
of the bonds parallel to [0001].

In the WZ structure, however, there are pairs of cation and anion atoms
connected by dashed lines along the [0001] direction in Fig. 1.3b and attracted
to each other by electrostatic force. It is considered that these electrostatic
interactions make WZ—ZnO, AIN, GaN, and InN stabler than ZB—ZnO, AIN,
GaN, and InN because ionicity of these compounds is large among the ITI-V
and II-VI compound semiconductors. In the WZ structure, therefore, the
length of the dashed lines in Fig. 1.3b tends to be shorter than the ideal one.
In fact, ¢/a is smaller than ideal 1.633 in most of the WZ type materials as
shown in Table 1.1. Furthermore, it is easier to shorten the interlayer distances
between A—b and B-a than to shorten those between A—a and B-b because
the former can be done mostly with angle deformation of the bond pairs. As
a result, u is usually larger than ideal 0.375. These structural deformations
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Table 1.1. Lattice constants a, ¢ (A) and internal parameter u of wurtzite structure,
lattice constant azp (A) of zincblende structure, and lattice constant ars (A) of
rocksalt structure. AloO3 is corundum type

a c U c/a azp RS
BeO 2698 [7] 4.377[7] 0378 [7] 1.622 3.81[8]  3.648 [8]
MgO  343[9] 4119  0.5][9] 1.198 4.216 [10]
ZnO 3250 [11] 5.204 [11] 0.382 [11] 1.601 4.60 [12] 4.271 [11]
CdO  3.66[13] 5.86[13] 0.35([13]  1.601 4.77 [13]

AIN 31121 4.982[1] 0.380 [14] 1.601 4.38 [1]
GaN 3189 [1] 5185 [1] 0.376 [14] 1.626 4.50 [1]
InN 3545 [1] 5703 [1]  0.377 [14] 1.609 4.98 [1]
Al,O5  4.758 [10]  12.99 [10]

induce spontaneous polarization; relative displacement of cation to [0001] and
anion to [0001] from the ideal structure.

Alloys of ZnO with BeO, MgO, and CdO are used to control bandgap
of the ZnO system as shown in Fig.1.2. MgO and CdO are ionic crystals
with sixfold coordinated cubic rocksalt (RS) type structure, whose triangular
lattice structure in the (111) plane is similar to the hexagonal (0001) plane
as shown in Fig. 1.3¢c. Therefore, WZ Mg, Zn;_, 0 [3,4] and Zn;_,Cd,O [4-6]
have not been obtained when z approaches unity. It was reported that WZ
MgO whose u is fixed at 3/8 is unstable and deforms to be quasi-stable at
u = 0.5, where a of MgO is larger than that of ZnO as shown in Table 1.1 [9].
The increase of a and decrease of ¢/a with Mg content = of Mg, Zn; _, O shown
in Fig. 1.2b is consistent with this prediction. It is considered that u increases
with x in the case of Mg, Zn;_,0O. If v = 0.5, MgO deforms to be a fivefold
coordinated hexagonal structure, where the bonds shown by the dashed lines
in Fig. 1.3b have nearly the same length with other bonds [9]. Bond length and
volume per atom of the materials and structures in Table 1.1 are summarized
in Table 1.2.

Thermal expansion coefficient of related materials is shown in Table 1.3.
Temperature-dependent thermal-expansion coefficients of BeO, ZnO, AIN,
GaN, and Al;Oj3 are reported in [15,16].

1.2.2 Hexagonal Lattice Vectors and Planes

Though three-dimensional space can be indexed by three indices, lattice points
of hexagonal lattice are indexed with four indices as u v s w, where u+v+s = 0,
to recognize the equivalent directions at a glance. Using three basic lattice
vectors a;, as, as on the (0001) plane shown in Fig.1.4a and basic lattice
vector ¢ perpendicular to them, lattice point indexed by u v s w is located at
vaijt+vas+sast+wc=2u+v)a; +(2v+u) as+w c since ag = —a; —as
and s = —u—w. For example, lattice point a; is represented by 2/3-1/3-1/3 0.
Two lattice vectors indexed by u v s w and u/v's’0 are orthogonal when u v’ +
viv' +ss =0.
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Table 1.2. Length of the bond parallel to the c-axis b, (A), other bond length b,
(A) and volume per atom v (AS) of wurtzite structure, bond length bzp (A) and

volume per atom vzp (AS) of zincblende structure, bond length brs (A) and volume

per atom vrgs (Ag) of rocksalt structure evaluated from the parameters in Table 1.1

BeO
MgO
ZnO
CdO
AIN
GalN
InN

ba

1.647
1.980
1.974
2.289
1.894
1.950
2.164

be

1.655
2.055
1.988
2.051
1.893
1.950
2.150

v

6.90
10.47
11.90
17.00
10.45
11.42
15.52

bzs
1.650

1.992
1.897

1.949
2.156

VzZB
6.91

12.17
10.50

11.39
15.44

brs
1.824
2.108
2.136
2.385

URS
6.07
9.37
9.74

13.57

Table 1.3. Thermal expansion coefficients normal to the c-axis a®(107°K~") and
parallel to the c-axis !l (107K ~!) at temperature T'(K) of wurtzite type materials
except rocksalt type MgO and corundum type AlO3
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ZnO [15] 300
Zn0O [15] 700
AIN [15] 300
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Fig. 1.4. Fundamental lattice vector (a) and reciprocal lattice vector (b) of hexag-
onal (0001) plane
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Fig. 1.5. Indices of typical planes in hexagonal structure

Reciprocal lattice vectors a;*, as™ and c¢* have the following relations
with the real space vectors a;, as and c: aj;-a;* = as-ax* = c-c* = 2m;
a;®, ax*®, c* are, respectively, perpendicular to as and ¢, a; and ¢, and a;
and ag. Therefore, the length of a;*, ax* and c¢* are 47/(\/3 a), 47/(V/3 a),
and 27/c, respectively. Reciprocal lattice point

gnki = haj + kaj +lc” (1.1)

is indexed by h k i [, where ¢ = —h — k. When the indices are defined like
this, identical directions on the (0001) plane in the real and reciprocal spaces
have the same indices as shown in Fig.1.4. Real-space plane normal to the
reciprocal vector gpx; is also indexed by h k i [. Some real space planes are
shown in Fig. 1.5. Generally, the (h k i ) plane is not normal to the [k k i {]
direction in real space unless [ =0 or h =k = 0.

1.3 Elastic Strain

1.3.1 Elastic Constants and Elastic Energy Density

Nonzero and independent elastic stiffness constants of hexagonal crystals are
€11, €12, €13, €33, and caq and cgs = (c11-¢12)/2. The stress components 7,43 are
linear function of strain components £44,

Taz ciicizeci3 0 0 0 Exa
Tyy C12 C11 C13 0O 0 O Eyy
T.2| _|cizcizezz 0 0 0 €22
Tyz o 0 0 O Cq4 0 0 Eyz ’ (12)
Tos 0 0 0 0 ecyg O €z

Txy 00 0 0 O Ce6 Exy
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Table 1.4. Elastic stiffness coefficients (GPa) of the related materials

Structure c11 c12 c13 33 Ca4
BeO [17] W7Z 454 85 77 488 155
ZnO [18] WZ 209.7 121.1 105.1 2109 42.5
AIN [19] WZz 396 137 108 373 116
GaN [20] WZ 390 145 106 398 105
InN [19] Wz 223 115 92 224 48
MgO [21] RS 286 87 148
ZnO [12] 7B 193 139 96
AIN [19] 7B 304 160 193
GaN [19] 7B 293 159 155
InN [19] 7B 187 125 86

where z,y, and z denotes orthogonal [2110], [0110], and [0001] directions and
subscripts 1, 2, 3, 4, 5, and 6 denotes zz, yy, 2z, yz, zr, and xy, respectively.
Elastic energy per unit volume is
c c
F = ;l (2 + szy) + ;3 &2+ C12€z2Eyy + C13(Exn + Eyy)Ez
+ 2044(552 +e2 )+ 2066592%1. (1.3)

The elastic stiffness constants of related materials are shown in Table 1.4.
When hydrostatic pressure 7., = 7,y = 7., is applied,

Exx = Eyy,
c11 + c12 — 2¢13
€rr = € (1.4)
€33 — C13

is obtained from (1.2). Shear strains are zero under zero shear stress. When
stress is applied in one or two directions, stress in the free direction is zero.
For example, a normal strain of hexagonal (0001) film under isotropic in-plane
stress obeys relation of

Exx = Eyy,
2613

€py = — €z (1.5)
C33

because 7., = 0 and 7,; = Tyy.

In the WZ structure, spontaneous polarization parallel to c-axis Psp is
induced as mentioned in Sect. 1.2.1. External stress also modifies ¢/a and/or
u and induces piezo polarization. Nonzero and independent components of
piezoelectric coeflicients of the WZ-type materials are e3;, ess, and ej5. The
x, y, and z components of the piezo polarization is

Pw = €15C 2z,
Py = €15€yz2,
Pz = 631(511 + Eyy) + €335, . (16)
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Table 1.5. Spontaneous polarization Psp(C/m?) and piezoelectric modulus
ei;(C/m?) of wurtzite type materials

Psp €33 €31 e1s
BeO —0.045 [14]  0.02 [14] —0.02 [14]
ZnO —0.057 [14]  0.89 [14] —0.51 [14] —0.45 [22]
AIN —0.081 [14] 1.46 [14] —0.60 [14] —0.48 [23]
GaN  —0.029 [14]  0.73 [14] —0.49 [14] —0.3 [24]
InN —0.032 [14]  0.97 [14] —0.57 [14]

P, and P, are induced by shear strains, which break the symmetry of the
WZ structure. When strain e, in (1.6) are replaced with stress 7.3, e;; are
replaced with d;; that have the following relations to e;; as

e3] = d31(011 + 012) + dszcis,
€33 = 2d3;c13 + dazcas,
e15 = di5C44. (1.7)

Psp and e;; of related materials are shown in Table 1.5.

In the case of the cubic crystal, a number of independent elastic stiffness
constants are reduced to three as c33 = c11, c13 = ci2, and cgg = c44 in
(1.2) and (1.3) because the uniaxial anisotropy about c-axis of the hexagonal
crystal vanishes. In this case 2, y and z denote orthogonal [100], [010] and [001]
directions, respectively. The elastic stiffness constants of ZB polymorphs are
also shown in Table 1.4. There is only one nonzero and independent component
of piezoelectric coefficients for the ZB-type materials. Piezo polarization of the
7ZB-type materials is

Pz = €14€yz,
Py = €14€zx,
Pz = €14€zy, (18)

where
e14 = d14Caq. (1.9)

1.3.2 Strain in Hexagonal- and Cubic-Structure Films

When a hexagonal crystalline film grows in (011n) plane, the surface is normal
to pec = 8o1n/(27) = (az*+nc*)/(2w). Using the rectangle coordinate in which
z, y, and z are parallel to [2110], [0110] and [0001], p¢ = (0, 1/b, n/c) where
b = /3 a/2. Furthermore p¢ = (1, 0, 0) and p, = (0, n/c, —1/b) can be
selected as two orthogonal vectors on the (011n) plane. Then fundamental unit
vectors e; = (1, 0, 0), e, = (0, 1, 0), and e, = (0, 0, 1) are expressed as
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€; = P¢,
be
e, = 22 4 2 (nbpy, + cp¢),
be
€= o o2 (—cpy, + nbpe). (1.10)

When the in-plane strain along p¢ and p, are, respectively, ¢ and ¢, and
surface-normal strain parallel to p¢ is e¢, pe, Py, and p¢ are deformed to
(1 +ee)pe, (1 +¢e,)py, and (1 + e¢)pe. How ey, ey, and e, are deformed
with these strains is known by replacing p, with (1 + &,)ps in (1.10) where
a=¢&, n, and (. In this way, strains in the xyz rectangle coordinate system
are represented with strains e¢, €, and e¢ as

Exx = E¢,

I n?b’e, + c*e;
YW p2p2 42

_ Pep +nPbPec

=T oz 0

S nbe(ee — ey)
V2T p2p2 42

€20 =0,

Exy = Oa

(1.11)

and strain energy density of (1.3) is represented with e¢, &, and e¢. Surface-
normal strain ¢ that minimizes F' is given by solving 0F/de; = 0 as

(2% + ) (n*bc13 +c2er2)ee + {n?b2c* (c11 + a3 — deas) +(n*b*+c*eistey
cterr +ntbtess+2n20%c2(c13+2c44) '

(1.12)

¢ =—

where b = \/3(1/2.

When a hexagonal crystalline film grows in (211n) plane, the surface is
normal to p¢ = (2a1™ — a* + nc*)/(2n) = (1/b, 0, n/c), where b = a/2. In
this case, p¢ = (n/c, 0, —1/b) and p,, = (0, 1, 0) can be selected as two
orthogonal vectors on the (211n) plane. Therefore, surface-normal strain e,
is also given by (1.12), where b = a/2, e¢ and ¢, are in-plane strain along p,,
and pg, respectively because = and y, p¢ and p,, are respectively exchanged
with each other in comparison with the case of the (011n) plane.

When a cubic crystalline film grows in (mnl) plane, surface is normal to
pc = (m, n, 1), where p¢ = (n* +1,—mn, —m) and p,, = (0,1, —n) can be
selected as two orthogonal vectors on the (mnl) plane. In this case z, y, and
z components are parallel to [100], [010], and [001] directions, respectively.
Surface-normal strain e, is given by solving 0F/0Je; = 0 as
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(m4 + TL4 + 1)012 + 2(m2n2 + m2 + n2)(c11 + c120 — 2044)

(113
(m* +n* + 1)ci1 + 2(m?n2 +m? + n2)(c12 + 2c44) ( )

&¢ = —2€||

where ¢|| is in-plane strain, which is assumed to be isotropic.

1.4 Electronic Structure

1.4.1 Bandgap and Band-Edge Electronic Structure

The first Brillouin zone of a hexagonal crystal is a hexagonal prism of height
2n/c. The boundary of the zone at k, = 0 (k, is a component of the wave
vector k parallel to c-axis) is shown in Fig. 1.4b, where symbols for symmetric
points are also shown. The point at k, = m/c just above the T', K, and M
points are denoted as A, H, and L, respectively.

BeO, ZnO, AIN, GaN, and InN are direct-bandgap semiconductors, whose
band edge is located at the I' point. Temperature dependence of the bandgap
energy F, can be expressed by the Varshni formula

aT?
T+p3
Bandgap energy, Varshni parameters a and 3 are listed in Table 1.6. Bandgap

energy of alloy A;_,B,C is approximately represented by a quadratic function
of = as

Ey(T) = Eg(0) (1.14)

Eg(x)=(1— :C)E?C + :EESC —bx(1 —x), (1.15)

where b is bowing parameter. Figure 1.1 is drawn using bandgap energies and
bowing parameters of III-nitrides shown in Tables 1.6 and 1.7.

Energy dispersion around the bottom of conduction band (mainly consists
of anti-bonding state of cation s electrons) can be represented as

2 hQ
g (ki—i—kg)—i— Hkﬁ—i—ag(sm—l—syy)—i—alau, (1.16)

e 2m0me

E.(k) = FEco+

Table 1.6. Bandgap energy E, (eV) at temperature 7' (K) and Varshni parameters
a (meV/K) and 8 (K)

Structure T E, e 154

BeO W7 7 10.63 [25]

ZnO Wz 4.2 3.437 [26]

AIN Wz 0 6.25 [1] 1.799 [1] 1462 [1]
GaN WZ 0 3.510 [1] 0.909 [1] 830 [1]
InN Wz 0 0.78 [1] 0.245 [1] 624 [1]
AIN 7B 0 5.4 [1] 0.593 [1] 600 [1]
GaN 7B 0 3.299 [1] 0.593 [1] 600 [1]
InN 7B 0 0.78 [1] 0.245 [1] 624 [1]
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Table 1.7. Bowing parameter (eV) recommended for both wurtzite and zincblende
type II-nitrides [1]

b
AlGaN 0.7
GalnN 1.4
AlInN 2.5

Table 1.8. Electron and hole effective mass (in the unit of mo) of wurtzite type
materials

me!! me™ mal mg!! mcH mat mp*t met
BeO [27] 0.58 0.74 12.01 2.44
ZnO [28] 0.23 0.21 2.74 3.03 0.27 0.54 0.55 1.12
AIN [29] 0.33 0.25 0.25 3.68 3.68 3.68 6.33 0.25
GaN [29] 0.20 0.18 1.10 1.10 0.15 1.65 0.15 1.10
InN [30] 0.11 0.10 1.67 1.67 0.10 1.61 0.11 1.67

Table 1.9. Deformation potential (eV) of wurtzite type materials

ai az Dy Dy Ds D, Ds Dg
7ZnO [31] 3.9 4.13 1.15 —1.22 —1.53 —2.88
AIN [1] —3.4 —11.8 —17.1 7.9 8.8 -3.9 —3.4 —3.4
GaN [1] —4.9 —11.3 —3.7 4.5 8.2 —4.1 —4.0 —5.5
InN [1] —3.5 —3.5 —3.7 4.5 8.2 —4.1 —4.0 —5.5

where E.( is band edge energy of the conduction band, & is Planck constant
divided by 2m, mg is rest mass of electron in vacuum, met and mcH are
effective mass of the conduction electron, a; and ay are deformation potential
of the conduction band, k., k,, and k. are =, y, and z component of wave
vector k, superscript || and - denotes parallel and perpendicular to c-axis,
respectively. The effective mass and the deformation potential are shown in
Tables 1.8 and 1.9.

Figure 1.6 illustrates energy-level splittings for WZ and ZB semiconductors
at the top of the valence band, which mainly consists of anion p electrons. The
spin—orbit coupling proportional to [ - s = (52 — I — 5?)/2 splits the energy
level according to j, which is angular momentum composed of orbital (1) and
spin (s) angular momentums. In WZ structure, crystal-field splitting appears
owing to the structural anisotropy between parallel to and normal to the c-
axis. The I, and j, in Fig. 1.6 are c-axis component of [ and j, respectively.
The crystal-field splitting A, and the spin—orbit splitting Ay, are shown in
Table 1.10. As for AIN, the crystal-field split-off band, which is lowest in Fig. 6,
moves to the top because A, of AIN is negative.
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Fig. 1.6. Schematic energy diagram of valence-band top for wurtzite and zincblende

semiconductors

Table 1.10. Crystal-field splitting Ac and spin-orbit splitting As, (meV) of

wurtzite type materials

Acr ASo

7nO [32] 43 16
AIN [29] —585 20.4
GaN [29] 72.9 155
InN [1] 40 5

1.4.2 Bir-Pikus Hamiltonian

Energy dispersion around valence band maximum at I" point can be obtained
by calculating eigen values of the following Bir-Pikus Hamiltonian matrix

Hgpp (k) for WZ semiconductors as a function of k [29,33].

F 0 —H* 0 K* 0
0 G A —H* 0 K*
“H A X 0 I* 0
HeeM)=| o _y o0 A A I*
K 0 I A G 0
0o K 0 [ 0 F

Where

F=A1+A+X+0,
G=Ar— Ay +A+0,

A= AikZ + Ay (k2 +K2) + A,
Ae = Dye., + Dz(&'m + Eyy)v

0 = Ask? + Ag(k2 + k2) + 0.,

)

(1.17)
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Table 1.11. Valence band effective-mass parameters (in the unit of h?/(2mg) =
3.81 eVA2) of wurtzite type materials

A1 A2 A‘? A4 A5 Aé'

ZnO [28] —3.78  —044 345  —1.63 1.68  —2.23

AIN [29] —395 —027 368 —1.84 —195 —291

GaN [29] —656  —091 565 —2.83 —3.13 —4.86

InN [30] —9.28 —0.60 868 —4.34 —432  —6.08
Oc = D3e. + Dy(Eps + Eyy)s (1.23)
A =V2As, (1.24)
H = (iAgk, — A7) (ky + iky) + iDg(€20 + igys), (1.25)
I = (iAgk, + A7)(ky +iky) +iDg(e2p + icy2), (1.26)
K = As(ky +iky)? + Ds(Ean — eyy + 2i€ay), (1.27)

Ay = A, Ay = Ay = Ay /3, A; are Luttinger-like parameters related to ef-
fective mass of holes, D; are deformation potentials, and superscript * denotes
complex conjugate. The strain dependent terms are given by replacing A; and
kakg with D; and €,8, where o, 8 =z, y, z. A; is common to all the diagonal
elements and corresponds to the shift of the whole valence band, relative to
the conduction band minimum under strain. 6. corresponds to variation in A
under strain. The parameters for the related WZ semiconductors are shown
in Tables 1.9, 1.10, and 1.11. Sign of D; is opposite to that of [31] because D;
in [31] is defined as a deformation potential for the bandgap. The six basis
functions are as follows:

U1 = \/%KX +iY), 1), uz = \/é|(X +1Y), |), (1.28)
ug =12,1),ua = |2, 1), (1.29)

us = /31X —i¥). )06 = /31X —i¥). 1), (1.30)

where |1) and ||) are up and down spin functions, respectively, I, of u; and
ug is 1, ug and uy is 0, and us and ug is —1. Energy and wave function at
any k and strain can be numerically calculated. Fortunately, in some limited
cases, Hpp (k) can be diagonalized analytically.

First, if k; = ky = 0, €40 = €4y, and shear strains are zero, then H, I,
and K become zero. Symmetry of the WZ structure is kept under this kind of
strain, which replaces Ay with A; + 6.. Then Hgp (k) consists of 12, 22, 22,
and 12 block matrices, whose basis functions are w1, us and usz, us and us,
and ug. Eigen energies are
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Bl = F = Ay 40+ Ao + (A1 + Ag)k2 + X, (1.31)
I GHAE V(G —N)2 4 4A2
A 0. — Ao+ (241 + A3k £/ (A1 +0: — Ao+ A3k2)2 + 8A2 a
— ) .
(1.32)

Eigen function of Elis uy or ug (j= = 3/2) having I'g symmetry and those of
E. !l are a mixture of us and uz or a mixture of ug and ug (j» = 1/2) having 'z
symmetry. The three bands at the valence-band top of the WZ semiconduc-
tors (Fig. 1.6) are called A, B, and C bands from upper band to lower band.
Generally Ag, > Ay, > 0 is satisfied. When A, 4 6. > Ay, >0, B!, B
and E_Il with Ty, I'; (mainly ug or us), and I'7 (mainly us or us) symmetry
correspond to the A, B, and C bands, respectively. In the case of AIN, A, is
negative. When — (Ac, +6:) > Ay > 0, E+H, E1H, and E_!l with T'; (mainly
uz or uy), g, and 'z (mainly us or uz) symmetry correspond to the A, B,
and C bands, respectively. In the case of ZnO, it had been thought that A,
and Ag are negative. When A, 4+ 0. > —Ay, > 0, E+”, E1H, and E_!! with
7 (mainly ug or us), I'g, and T'7 (mainly ug or ug) symmetry correspond to
the A, B, and C bands, respectively. It was supported by recent optical mea-
surements, however, that Ay and Az of ZnO are positive [32]. Anyway since
|Ago] is small, interband optical transitions between the conduction band and
the E+H (E_H in the case of AIN) band as well as the E1l band are strong
for the light polarized perpendicular to the c-axis and that of the E_ll (E+”
in the case of AIN) band is strong for the light polarized parallel to the c-axis.

Effective mass of the hole in k, direction is obtained from the coefficient
of k,% term as

N1 1
my A+ Ay (1.33)
I 134
M+ A+ Ay’ (1.34)
I
m! = A, (1.35)

for the B!, E+H and E_!l band, respectively, if Ag is disregarded when a
comparatively wide range of &, is considered above room temperature. In the
case of AIN, m_!l and m_!l must be replaced with each other.

Next if k, =0, A7 = 0, and shear strains are zero, then H and I become
zero. In order to simplify further, A3 = 0 is assumed since the crystal field
A mainly characterizes the valence band-edge structures of the WZ crystals.
Then, Hpp(k) is decomposed into 22, 22, 12, and 12 blocks, whose basic
functions are u; and us, us and ug, us, and uy [29]. Eigen energies are
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| F+GE\J(F-GPr+alKP o
E; = 5 :A1+05+(A2+A4)(kz+ky)

/3 + A3(k2 + 2)2 + Ao, (1.36)
Ey =X=Ay(k2 + k) + A (1.37)

The effective mass of the hole in k, and £, direction is obtained as

1

= , 1.38
TET T Ay Ay £ |45 (1.38)
n 1
my == (1.39)

for the E+® and Es* band, respectively. Generally (in the case of AIN),
E.t, E_t and E5t (EgL, E.*t, and E_L) correspond to the A, B, and C
bands, respectively.

1.4.3 Valence Band-Edge and Bandgap of Strained ZnO

Valence band dispersion curves of ZnO at various isotropic in-plane strain
€gz = Eyy, Where €, is given by (1.5), are shown in Fig. 1.7 using ZnO pa-
rameters in Tables 1.9, 1.10, and 1.11.

Solid lines are calculated numerically, while dashed lines are calculated for
As = 0 using (1.36) and (1.37) along ky axis and (1.31) and (1.32) along k,
axis. Here Ag = 0 is assumed even in (1.31) and (1.32) to let the dashed lines
be continuous. Of course (1.31) and (1.32) give identical lines with the solid
lines without such assumption. Around e,, = 1.2% spin—orbit interaction be-
comes relatively important and the error due to the omission of Aj is not
small near the I" point because the substantial crystal-field splitting A; + 6.,
which includes the effect of strain, approaches to be zero. Valence band struc-
ture of the strain free AIN is similar to that of ZnO at ., = 2% shown in
Fig. 1.7 because A; + 6. is negative in this case.

Zn0O bandgaps between the bottom of the conduction band and the top
of the A, B, and C bands are shown in Fig.1.8 as a function of isotropic
strain in c-plane. Here, fundamental bandgap at zero strain is set to be Eyy =
3.4368 eV [26]. The solid line shows the case when 7., = 0, 7,5, = 7y, and
€2, = —0.997 £, from (1.5). Fundamental bandgap E, is expected to vary
as Ey = FEy0 — 0.787¢,, €V when (1.31) and the ZnO deformation potentials
in Table 1.9 are used. However, the slope is about half compared with the
one measured for ZnO (0001) thin films [34]. The deformation potentials in
Table 1.9 are measured for bulk ZnO under uniaxial stress [31]. The dashed
lines show the case under hydrostatic pressure, where ., = 1.14 ., from
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(1.4). Fundamental bandgap Ey = Eg0—11.57 £,, €V decreases with increasing
interatomic distance. When this strain coefficient is converted using (1.2) and
(1.4), hydrostatic pressure coefficient of 25.69 meV GPa™"', which is in fair
agreement with measured values 23.5 ~ 29.7meV GPa™" [35], is obtained.

1.4.4 Exciton Binding Energy

When electron-hole pair of exciton is treated like electron and proton of hydro-
gen atom, binding energy and Bohr radius of 1S exciton are Fexo = Enp/e(0)?,
and aexo = ape(0)/u, respectively, where Eyy = 13.6eV and ap = 0.529 A are
binding energy and Bohr radius of 1s electron of hydrogen atom, respectively.
Reduced mass ;1 and static dielectric constant £(0) are given as [36]

= + (1.40)
H Me mp
1 2 (0
-+ ° ©) 0 (1.41)
me  3mg  3ell(0)m
1
L_ 2, <0 (1.42)

£(0) = /=l )1 (0). (1.43)

The electron and hole effective mass and the dielectric constant of related
WZ materials are listed in Tables 1.8 and 1.12. The data in Table 1.12 ful-
fill the Lyddane-Sachs—Teller relation wro?/wro? = £(0)/e(o0) except 15%
discrepancy for InN, where £(c0) is the dielectric constant at high frequency,
and wr,o and wro are longitudinal and transverse optical-phonon frequency,
respectively. Fexo and aexo calculated for A exciton, where my = ma, using
these values are shown in Table 1.13. In the cases of ZnO and AIN, E..
estimated with the static Coulomb potential is smaller than the observed ex-
citon binding energy FEox. When electrons and holes move in a polar crystal,

Table 1.12. Dielectric constant and optical phonon energy (meV) of wurtzite type
materials except rocksalt type MgO

ell(0) e (0) ell(c0) et (00) h wro h wro
BeO 7.65 [37]  6.94 [37] 299 [37] 295 ([37] 1352 [37]  87.2 [37]
MgO 9.8 [21] 2.95 [21] 92.2 [21]  49.4 [21]
ZnO 849 [38]  T.40[38] 3.72[38] 3.68[38)  72.8[39]  51.0 [39]
AIN 8.5 [10] 85 [10] 476 [10]  4.76 [10]  112.6 [40]  81.1 [40]
GaN 95 [41] 104 [41]  535[10] 5.35[10]  90.6 [40]  68.3 [40]
InN 15 [10] 15 [10] 8.4[10] 8.4 [10] 86.0 [40]  59.3 [40]
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Table 1.13. Exciton binding energy: Fex (experiment); Fexo (hydrogen like); and
Eex1 (Pollmann—Biittner—Kane) (meV), Bohr radius: aexo (hydrogen like) and aex1
(Pollmann-Biittner-Kane) (A), electron-polaron radius 7. (A), and hole-polaron
radius 7, (A)

Eex Eexo Aex0 Te Th Eex1 Qex1
BeO 175 [25] 149 6.6 6.3 2.9 389 3.0
ZnO 60 [26] 37.5 24.2 15.2 8.4 61.0 14.5
AIN 57 [42] 36.3 23.4 11.1 7.2 45.1 18.0
GaN 23.44 [43] 22.0 32.9 15.2 5.6 25.3 27.7
InN 5.9 81.8 20.7 5.2 6.1 78.0

they interact with nearby ions and distort the lattice. Therefore, it is bet-
ter to describe the electron and hole as polaron in IT-oxides and ITI-nitrides.
Pollmann and Biittner investigated the interaction of Wannier excitons with
LO-phonon field. When the exciton Bohr radius is sufficiently larger than the
polaron radii, effective electron-hole interaction potential approximates [44]

Veg(r) = — ¢ - . my € e -
PV dwe(0)r  dmwe*(my — me)r h ExP ™ e OXP re) )’
(1.44)

where r is the distance between the electron and hole, r, = h/(2mhtho)l/2
is the hole—polaron radius, and r. = i/ (2metho)l/ 2 is the electron—polaron
radius, and 1/e* = 1/e(00) — 1/£(0). Equation (1.44) indicates that effective
dielectric constant approaches (0o0) as the electron-hole distance r decreases
to be smaller than the polaron radii. Later, Kane added the correction for
the polaron mass and provided tabulated functions to estimate the excitonic—
polaron binding energy (Fex1) by variational method [45]. Trial wave function
is hydrogen 1s type exp(—r/a)/(na’)'/? and minimized — Foy is obtained at
the variational parameter a = dex1. The binding energy Eey; and the Bohr
radius aex; corrected by this method with parameters listed in Tables 1.8
and 1.12 are shown in Table 1.13. The correction by the polaron effect is large
for IT-oxide owing to the small aex1/re and aex1/ry ratios.
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