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Abstract

In this work, the optical properties of wurtzite InN and related ternary InGaN and
AlInN as well as quaternary AllnGaN alloys are investigated. The main focus is put
on the spectroscopic ellipsometry characterization. The InN films grown on Si(111)
substrates and carbon doped InN sample series are investigated from the mid-infrared
up to vacuum-ultraviolet range. A carrier concentration is estimated by solving a self-
consistent problem that consists of the infrared spectroscopic ellipsometry data analysis
and the absorption onset fitting. The intrinsic strain-free band gap for InN samples
is determined by taking into consideration the band-gap renormalization, the Burstein-
Moss shift and the strain influence. The k-p method is employed in order to evaluate a
strain-induced band-gap shift. It is shown that by increasing the flux of a carbon dopant
CBry during the molecular beam epitaxy growth process, the electron concentration
increases in the grown InN samples. The In-related alloys are investigated in the spectral
range from the near infrared up to vacuum ultraviolet. The analytical model permitting
to describe the dielectric function of the alloys in the range 1-10 eV is presented. By
applying the analytical model to the experimental dielectric function, the band-gap and
high-energy inter-band transition energies are determined. The strain-free band-gap
bowing parameters for ternary InGaN and AlInN are determined. It is found that the
bowing parameter for AlInN alloy is composition dependent. With the knowledge of
the ternary alloys bowing parameters, the empirical expression permitting to estimate
the band gap of the quaternary alloys is developed. All the experimental band gaps
determined for the alloys by spectroscopic ellipsometry are supported by the state-of-
the-art ab initio data.
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1 Introduction

Since the revision of the indium nitride (InN) band gap in the years 2002-2003 |11,
12], this material and its related alloys have attracted a lot of attention of scientific
community. A wurtzite InN with its narrow fundamental band gap of 0.675 eV [13] and
high electron mobility [14] is considered as a promising material for the applications in
the near-infrared opto-electronic and high-speed electronic devices, sensors as well as
terahertz emission [15-23|.

The ternary InGaN alloys are already widely used in the commercial devices such
as LDs and LEDs (used for TV, LCD monitor and mobile display back-lighting and
solid state lighting applications). The band gap of the InGaN alloys can be tuned from
0.675 eV [13] to 3.435 eV [24] at room temperature. Due to this wide spectral range
covering almost the whole solar spectrum, the InGaN system is a promising candidate
for high-efficiency multi-junction solar cells applications [25-29].

The ternary AlInN alloys with band gaps at room temperature ranging from 0.675 eV
[13] to 6.03 €V [30] are promising materials to improve the performance of optoelectronic
and electronic devices. The Aly_,In,N has its unique property that it is lattice-matched
(LM) to GaN with x=17-18%), i.e., this allows to grow high quality stress-free AlInN
epilayer on the GaN. The AlInN/GaN heterostructures are employed for high-electron-
mobility transistors (HEMTS) fabrication used for high-frequency and high-power mi-
crowave applications [31-33|. High-quality distributed Bragg reflectors dedicated for
vertical-cavity surface-emitting lasers can also be produced by using LM AlInN and
GaN [34,35]. Recently, Tong et al demonstrated promising thermoelectric properties of
AlInN material [36].

The quaternary AllnGaN alloys (QNAs) offer a couple of advantages for the develop-
ment of advanced devices such as blue-green and blue-violet laser diodes (LDs) [37-39],
UV-LDs [40], UV/DUV light-emitting diodes (LEDs) [41-48], photodetectors [49, 50],
and high-electron mobility transistors (HEMTs) [51-53]. Lee et al [54] applied a qua-
ternary AllnGaN as a protective layer to suppress a thermal damage of InGaN multiple

quantum layers. QNAs with an appropriate composition ratio can be grown lattice-
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matched to GaN, i.e., this enables a reduction of strain-induced defects and piezoelec-
tric polarisation related built-in electric fields. Additionally, QNAs allow to adjust the
band gap and the strain state independently. Moreover, quaternary alloys containing
an indium have a strongly enhanced photoluminescence intensity in comparison with
AlGaN alloys [55,56]. The incorporation of indium allows to tune a lattice parameter,
band gap, and thermal conductivity. Recently, Wang et al [57] have demonstrated that
AllInGaN used as a quantum barrier for UV LEDs can significantly reduce the efficiency
droop at high injection currents.

A lot of research studies have been devoted on the InN material and related alloys.
However, the carbon doping in the InN material, the band gap as a function of alloy
composition, strain influence on the band gap and optical constants for the In-related
alloys still remain open questions. For example, according to the recent published results
(of the Year 2010), the estimated AllnN alloy band-gap bowing parameter values varies
in the broad range from 3.4 eV [58] up to 10.3 eV [59].

A software-based modelling allows precisely simulate device operation and reduce
R&D costs. Therefore, the determination of the complex dielectric function (DF) & =
£1+iey (or optical constants N = n+ik = 1/Z) and precise band-gap bowing parameters
are needed for the In-related alloys.

The aims of this work are:

e To investigate the optical properties of unintentionally doped InN films grown on
Si(111) substrates;

e To investigate the optical properties of carbon doped InN samples;
e To determine the DFs (or optical constants) for the In-related alloys;
e To obtain an analytical representation of the DF for the In-related alloys;

e To estimate the band-gaps and high-energy inter-band transitions for the In-

related alloys by applying the analytical DF model;
e To calculate a strain influence on the band gap by using the k-p method;

e To determine a strain-free band gap and high-energy inter-band transitions bowing

parameters for the ternary InGaN and AlInN alloys;

e To develop an empirical expression that allows to determine the band gap and

high-energy inter-band transitions for the quaternary AllnGaN alloy.



The introduction to the band structure will be provided in Chapter 2. The DF
and its analytical models are discussed in Chapter 3. The spectroscopic ellipsometry
will be introduced in Chapter 4. The epitaxial growth techniques used to grow the
investigated samples will be described in Chapter 5. A comprehensive determination of
optical properties for unintentionally and carbon doped InN films will be presented in
Chapter 6. The results obtained for Ga-rich InGaN alloys are reported in Chapter 7. In
Chapter 8, the Al-rich AlInN samples are investigated. Finally, the optical properties
of quaternary AllnGaN alloys will be discussed in Chapter 9.






2 Band structure

Theoretical calculations of the electronic structures are usually based on the density
functional theory (DFT). The DFT calculations with local density approximation (LDA)
taking into account In 4d valence electrons give the negative band-gap for wurtzite
structure InN [60,61]. This effect is caused by an overestimation of the p-d repulsion
between p valence states and shallow d core states. In order to get a positive band gap,
a method is proposed to freeze the In 4d electrons in the core and use a construction of
pseudo-potentials and self-energy corrections (SIC) [62,63].

Recently, de Carvalho et al [64] applied an AMO05 exchange-correlation (XC) func-
tional to calculate the band structure of the wurtzite InN and its structural and elec-
tronic parameters. Figure 2.1 shows the calculated band structure and the density of
states for the wurtzite InN. The calculated lattice parameters yielded ap=3.549 A and
co=5.736 A that are close to the experimental values 3.53774 A and 5.70374 A, re-

spectively, as obtained from the work of Paszkowicz et al [65]. The fundamental band

Energy (eV)

1 - - ; . . - -
r K H A T M L A 01234586
DOS (eV.pair)”

Figure 2.1: Quasi-particle band structure for wurtzite InN calculated using DFT with AMO05
exchange-correlation functional without spin-orbit interaction [64]. Vertical arrows indicate
the inter-band transitions allowed for a configuration E_Lc. Courtesy of L. C. de Carvalho.
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gap of wurtzite InN was calculated to be 0.638 eV that is close to the experimentally
determined value of 0.64 [12]. The vertical arrows in Fig. 2.1 indicate the inter-band
transitions allowed for a configuration E L c (will be discussed in Chapter 3).

Waurtzite structure III-V nitride semiconductors are direct band gap materials. The
conduction band minimum (CBM) and the valence band maximum (VBM) are in the
center of the BZ at the I' point. The Bloch wave function of the conduction band (CB)
and the valence band (VB) are described by s-states and p-states, respectively. In the
wurtzite structure semiconductors a crystal-field splitting appears owing to the struc-
tural anisotropy. Due to a crystal-field splitting (A¢f) and spin-orbit (Ag,) interaction,
the VB is splitted into one I'j and two-fold degenerate I'y VBs. The spin-orbit and
crystal-field energies for GaN [66] amount to 18.9 meV and 9.2 meV, respectively. For
an InN, values of Ag,=13 meV [67] and A=19 meV explain the splitting between the
ordinary and extraordinary absorption edge, as it was measured by ellipsometry |7,68|.
In contrast to the two latter binaries, an AIN [30] exhibits a large negative crystal-
field splitting energy of -212 meV, while the spin-orbit energy of 16 meV is only slightly
larger than for an InN and a GaN. According to the quasi-cubic model [69], the energetic
position of the bands is given by

A
Y = A+ %+ B, (2.1)
Ago
Iy = At (22)
Y W S | \/ 5 8
T+ = 5 6 + 5 (Acf + Aso) gAcfAsoa (23)
A Ay 1 \/ 5 8
- — 220 (A 4 Ago)? — 2 A Ao 2.4
v 5 5 5 (At + ) g ef (2.4)

The energy difference I'; —I'§ = E5 for strain-free material is always used as a reference
point for the analysis of inter-band absorption. The relative VB ordering as a function
of the crystal-field splitting energy and Ay,=13 meV is shown in Fig. 2.2. One can notice
that the VB crossing occurs at A = 0 meV and for an AIN the topmost valence band
is I'7, , while for an InN and a GaN the topmost VB is I'g. By using the k-p method
developed by Chuang and Chang [70], it is possible to calculate a band structure near
the T" point. At k=0 the VB and CB Hamiltonians are described separately if the band



gap is large and the the interaction between VB and CB Hamiltonians can be neglected.
The CB Hamiltonian is described by 2x2 matrix:

E. 0

H.. =
cc 0 E,

While the VB Hamiltonian is described by 6x6 matrix:

F -K* -H* 0 0 0
-K G H 0 0 A
Ho_ | CH OH A0 A0
o o0 0 F -K H
0 0 A -K* G -H
0 A 0 HY -H X |

The Hamiltonian elements are determined as follows:

N oQ om &

S

0
A

where, E,

WK P0G+ )

= Eg + A1+ Ag + + Qez€yy + act(exx + eyy)a

2m67|| QWE,L
= A1 +As+ N+ 0,
= A1 —Ag+ N+ 0,
h?
= ﬁAE)(k(L‘ + iky)2 + D5(€xx + 2i€xy - fyy),
hZ
= —A kz km K D zx . z)s
mg 6 (kz +iky) + Deg(€20 + i€yz)
h2 2 2
= TWLO [Alk'z + Ath] + D€y, + D2(€zm + €yy),
h2 2 2
= o [Ask? + Aski] + Dse.. + Da(ege + €yy),

= V2A;.

(2.5)

(2.7)

is a band gap of the material. The A;, As and Ajz are related to the

spin-orbit and crystal-field splitting energies. The parameters D; and «; correspond

to the deformation potentials for the VB and CB, respectvely. The effective masses

parallel and perpendicular to the c-axis are indicated as m, | and me |, respectively.

The parameters A; define the contribution of the remote bands. In the quasi-cubic
approximation: A; = A and Ay = Az = Ay /3, D3=Do-D1, Dy—-D3/2, Ay = As.



2 Band structure

Table 2.1: Parameters used in k-p calculations for InN, GaN, and AIN at RT.
Parameter InN GaN AIN

Ex (eV) 0.675 [13]  3.435 [24]  6.24 [30]

Eg (eV) - - 6.03 [30]
Agt (meV) 19 [68] 9.2 [67]  -212 [30]
Ago (meV) 13 [67] 18.9 [67] 16 [30]

a (eV) -7.2 [75] -44.5 [71]  -20.5 [75]
Dy (eV) -3.7 (76 -41.4 (71 -17.1 [76]
Dy (eV) 4.5 [76] -33.3 [71]  -8.7[76]
Ds (eV) -4 [76] 4.7 71 -3.4[76]
ag (A) 3.53774 [65] 3.1894 [74] 3.112 [74]
C13 (GPa) 92 [76] 114 [72] 108 [76]
C33 (GPa) 224 76| 381 [72] 373 [76]

For a GaN, the following deformation-potential parameter values are employed:
ap = a) = a = —445 eV, D1=414 eV, Dy=-33.3 eV, and D5=-4.7 eV [71]. The
stiffness constants C13=114 GPa and (C33=381 GPa are taken from Ref. 72. For an
InN (AIN), the deformation potentials a=-7.2 eV (-20.5 V), D1=-3.7 eV (-17.1 eV),
Dy=4.5 ¢V (-8.7 ¢V), and D5=-4.0 ¢V (-3.4 ¢V) as well as the stiffness constants
C13=92 GPa (108 GPa) and C33—224 GPa (373 GPa) were used from Ref. 73. The
strain-free lattice constants of al™N=3.5377 [65], a§*N=3.1894 [74], and af™N=3.112 [74]
for an InN, a GaN, and an AIN, respectively, were employed. For clarity, the used pa-
rameters are summarized in Table 2.1. The in-plane strain is described by using the

following equation:

a — ap
€xx = Eyy = TO, (28)
while the out-of-plane strain is described by
c—cp 2C3
€2z — <o = - Css €xx (29)

where ag (¢p) and a (¢) are the lattice parameters for a strain-free and strained material,
respectively. From the k-p calculations it is possible to estimate the strain induced
band-gap shift and relative oscillator strengths for the transitions A (I'y — I'S), B (I'y.
— I'?) and C (I'V_ — TI'%). Figure 2.3(a) and (b) show the calculated relative oscillator
strength as a function of crystal-field splitting energy for the configuration E ¢ and

configuration E||¢, respectively.
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3 Dielectric function

3.1 Introduction to the dielectric function

The dielectric function (DF) describes the linear response of a material to the electro-
magnetic wave. The important information is obtained about semiconductor electronic
properties from the optical spectrum. The DF is a complex function consisting of the
real and imaginary parts. The imaginary part represents the absorption of the material,
while the real part describes how strong the material is polarized.

The electric field induces the dipole moments in the dielectric material, which are
described by the electric polarization P. The electric displacement D is related to the

electric field vector E via the following expression:
D =¢E + P, (3.1)
where ¢ is a vacuum permittivity. Employing the following equations
P =¢ox.E, (3.2)

&r =14 Xe, (3.3)

where ¢, is a relative permittivity and x. is an electric susceptibility, the Eq. 3.1 can be
re-written as
D = ¢y, E = ZE. (3.4)

The D and E are related through the dielectric tensor (;(w) For isotropic material
(space group F'd3m(T7)) the dielectric tensors are equal in all directions. The strain-free
hexagonal group-IIl-nitride material (space group P63mc(Cg,)) are optically uniaxial
materials. The optical axis is parallel to a crystallographic c-axis and perpendicular

to z-y plane. For uniaxial crystals a light velocity varies depending on a propagation
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3 Dielectric function

direction. This phenomenon is called birefringence. The dielectric tensor is described

in the following form:

gz 0 O & 0 0
7 _ 0 & 0 — 0 & 0 . (3.5)
0 0 & 0 0 &

The &, and &, correspond to the ordinary and extraordinary components of the
dielectric tensor that describe the material’s interaction with an electromagnetic wave
having an electric field vector configurations E L ¢ and E || ¢, respectively. Both
components are complex and depend on a photon energy. The optical properties of
a semiconductor (i.e., the description of a material’s and an electromagnetic wave’s
interaction) is described by a complex DF. The DF &;(w) with its real (¢ j(w)) and

imaginary (2 j(w)) part is given by

gj(w) = e1(w) +iegj(w); (j=o,e). (3.6)

The real part and imaginary part of the DF are related through Kramers-Kronig relation:

e1j(w) =1+ P/“’ e25 () (3.7)

2 _ 2

£2,5(w) 7’ / “15(W) ; (3.8)

where P is Cauchy integral’s main value. The complex DF and complex optical constants

for non magnetic material are related through the following expressions:

Nj(w) =n;(w) +irj(w) = 4/&(w), (3.9)
e1,j(w) = n3(w) — K3 (W), (3.10)

and
g2,j(w) = 2n;(w)kKj(w), (3.11)

with n; and k; corresponding to the real and imaginary part, respectively, of the complex

refraction index N -
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3.1 Introduction to the dielectric function

Spectroscopic ellipsometry (described in Chapter 4) is a common technique to de-
termine a sample’s complex DF. The spectroscopic ellipsometer measures an optical
response under a certain angle of incidence and the obtained ellipsometric parameters W
and A reflect mainly the spectral dependence of the ordinary DF for the (0001)-oriented
films. The deviations around the band gap are only found if the material exhibits sharp
excitonic resonances for both polarization directions |77, 78]. Further, in this work, the
DF determined from the (0001)-oriented samples will be called an isotropic DF. In the
non-polar sample case, the c-axis is on the surface plane. Therefore, by measuring the
sample by ellipsometry at two different configurations (i.e., the c-axis perpendicular to
the plane of incidence and c-axis parallel to the plane of incidence), both ordinary and
extraordinary DFs can be extracted. For comparison, Figure 3.1 shows the isotropic
(solid black line), ordinary (dashed black line), and extraordinary (dashed dotted red
line) imaginary parts of the DF obtained for the wurtzite structure InN. It is observed
that the isotropic DF is close to the ordinary DF, i.e., the energetic positions of charac-
teristic features (peaks and shoulders) of the ey are at the same energetic positions.

An absorption coefficient oj(w) is related to the imaginary part of the DF through

an expression:

w

aj(w) = 2,5(w) - (3.12)

n;(@)eo
It is important to emphasize that o(w) depends not only on the imaginary part of the
DF - &5 j(w), but also on the refractive index n;(w) that is not a constant. Therefore,
by extrapolating a linear region of the squared absorption coefficient, one must take a

refractive index into consideration. An absorption of the photon with an energy hiw > Ejy

— isotropic
===~ ordinary
—-=- extraordinary 7]

Figure 3.1: Experimental isotropic (black

solid line), ordinary (black dashed line),

e and extraordinary (red dashed-dotted line)

0123456 78 9101112131415161718 imaginary part of the DF for the wurtzite
Photon energy (eV) InN.

Imaginary part of the DF - &,

a a A
O =N WA OTONO®OO =N
T
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3 Dielectric function

causes the electron transition from the VB to the CB. Disregarding in the first step the

electron-hole interaction (exciton effects), the transition probability is described as

1271 [edo)? )
W) = 7 (52 3 (6P PO < B ) (319

where Ag is a vector potential amplitude, V is a volume of the unit cell, mg is an
electron mass and e is an elementary charge. The optical anisotropy will be determined
by the direction dependent momentum matrix element |ePyc ;|? [79], which connects
the VB and CB Bloch states. The absorption coefficient a;(w) is related to Wj(w) via

the following expression:

2h

—Wi(w). 3.14
soconij% J(w) ( )

aj(w) =

The impulse of a photon is very small in comparison with a wave vector k within the
first BZ. Therefore, it is assumed that a transition takes place in a vertical direction
(ky = k¢). A sum of all ky and k. can be replaced by the integration over all k-vectors
in the first BZ. Then, the imaginary part of the DF can be expressed as

7(62
£2,j(w) = ot 2|erc,j|2 /6 Ey(k) — hw)d®k . (3.15)

Here, the joint density of states (JDOS) pey(w) is introduced

pev(w) = o3 /5 Ey(k) — hw)d’k
(3.16)

2 ds

"~ 83 / [Vi(Ee(k) = Ev(k))| ’
E=FE.—Ey=Fkonst

where the integration over all k-vectors in the first BZ also over constant energies takes
place. From Eq. 3.16 it is evident that JDOS depend on the CB and VB alignment.
The density of states possesses the singularities at points where |Vy(E.(k) — Ey(k))|
vanishes. These points are called the critical points (CPs) of the band structure and the
corresponding singularities in the JDOS are called van Hove singularities [80]. The peaks
and shoulders in the imaginary part of the DF are attributed to van Hove singularities.
However, according to the recent state-of-the-art many body ab initio calculations
from the work of Riefer et al [81], the JDOS is not necessarily large at a critical point.
For example, the JDOS is zero at Mg point that indicates the absorption onset and

14



3.1 Introduction to the dielectric function

rises proportionally to the square root of the energy for parabolic bands. Some peaks
in the imaginary part of the DF can be assigned to bound excitonic states at My or
M critical points [81]. It is known that the shape of imaginary part of the DF (e9) is
influenced by the electron-hole interaction. Already in 1957, Elliott developed a method
for the analysis of the Wannier excitons [82]. Due to Coulomb attraction of electrons
and holes, the hydrogen-like states are formed below a single-particle gap. The energies

of the hydrogen states are discrete and depend on the effective Rydberg constant

) pe’

fy = 2(4mepe )2’ (3:17)
where = (mg! 4+ m;')~! with m. and my, electron and hole masses, respectively.
However, in order to prove if the Coulomb interaction makes an influence in the high-
energy range, the theoretical studies, which includes the Coulomb correlated electron-
hole pairs, are needed. The theoretical calculations of the DF for InN and AIN from
the works of Furthmiiller et al [62] and Riefer et al [81], respectively, have shown that
excitonic effects make influence to the DF at high energy range. Figure 3.2 compares
the InN experimental imaginary part of the isotropic DF (that is close to the ordinary
DF) and the the calculated ordinary imaginary part of the DF with excitonic effects
(red dashed curve) and without excitonic effects (blue dotted curve) from the work of
Furthmiiller et al [62]. There is a clear tendency for a redistribution of peaks to lower

photon energies due to the Coulomb attraction and the peak positions are very close

-
o

T T T T T T T T
expt.
E - === theory (with excitonic effects)
R D 1 —=-=- theory (without excitonic effects) |

Imaginary part of the DF - &,
O =~ N W b 00 O N 0 ©

6 8 10 12 14 16 18
Photon energy (eV)

o
N
N

Figure 3.2: Experimental isotropic imaginary DF for the wurtzite InN in comparison with
calculated ordinary DFs [62]: with included excitonic effects (red dashed line) and without
excitonic effects (blue dashed dotted line).
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3 Dielectric function

Table 3.1: InN high-energy inter-band transitions allowed for a configuration E_Lc. Courtesy
of L. C. de Carvalho.

Transition notation | corresponding points in the Brillouin zone
D Ase — Al
Eq Ul — Uj
Es My — Mg
Es M3 — M§
Ey Ky — K§
Es 15— Lis
Es 3 — K§

to the positions of the experimental DF, as it can be observed, as it can be observed
in Fig.3.2. The CPs of the band structure D, E1, FEs, F3, E4, E5, and Eg are denoted
by arrows in Fig. 3.2 and their corresponding inter-band transitions allowed for the
configuration E_Lc are indicated in Fig. 2.1 (see previous Chapter). In addition, the
transitions D, Fq, Es, E3, E4, F5, and Fg with the corresponding points in the Brillouin

zone are summarized in Table 3.1.

3.2 Analytical representation of the dielectric function

In this section, two analytical models will be described. The first model based on the
parametric oscillators allows to present the DF in the wide spectral photon energy.
This model was developed by Goldhahn et al [83] based on the experimental data
for a GaN [84], and an AIN [83] from 1 up to 9.5 eV. It completely reproduces all
peculiarities of the DFs, i.e., the contributions from the free excitonic transitions and
the excitonic continuum around the band gap as well as the pronounced features due
to the high-energy critical points. In Chapters 8-9 it will be demonstrated that the
model is also suitable to describe the DFs of ternary and quaternary In-related alloys.
The second simplified model developed by Shokhovets et al [85], allows to describe
the dispersion below the band gap and extract the high-frequency dielectric constant.
Accurate analytical form of the DF is necessary for device modelling and analysis of the

material optical properties.
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3.2 Analytical representation of the dielectric function

3.2.1 Analytical representation in the wide spectral range

The imaginary part of the DF can be separated in two parts:

€2 = €2low T €2 high, (3.18)

where the term €34, describes €2 in the band gap region and the second term &3 pign -

in the higher energy range. They are expressed as follows:

- Apshwl'pg
,low AT ((EJ _ R)Q _ h2w2)2 + (hWFBS)2
n Z Acs 1+ erf[(h/,u — Ej)/rcs] )
ATc w1 —exp(—2m\/R/[hw — E)’
(3.19)
€2high = Z 2 12,,2)2 32~
i=1.2,3 (Ej — PPw?)? + (hwT)
hw — Ea
E; — —_— —FE)|.
x[@( ; M)EJ—EA—F@(M )
(3.20)

The real part of the damped harmonic oscillators (DHOs) in the first term of €30y
(Eq. 3.19) represents the bound exciton states below the band gap, while the exciton
continuum is represented by the second term. DHOs with the Heaviside step function
© in Eq. 3.20 describe the high-energy critical points (CPs). The real part of the DF is
described by

ABS((Ej — R)2 — h2w2)

er = b+ 2 _ 72,,2\2 2
i=AB.C ((EJ — R) — h*w ) + (hWFBS)
EZ — ir'y)?

L <A01n P (7w +iT'o)

7T E3 — (hw +1ilg)?

(=t ron)

7 \E2 — (Tw + )2

Aj (Ej2 — h2w2)
(B7 — 12 1 ()

(3.21)
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3 Dielectric function

12 T T T T T T T T T T T T T T T T T 12

10 experimental DF
fitted DF

[e2)

Real part of the DF - &4
a
Imaginary part of the DF - €,

Photon energy (eV)

Figure 3.3: Experimental isotropic DF (black solid lines) and its analytical representation
(red open circles) for the (0001)-oriented AllnGaN sample (Al 28% and In 4%). The blue
lines represent the separate damped harmonic oscillators of the imaginary part of the DF as
described by Eq. 3.18.

The bound excitonic states and high-energy CPs in Eq. 3.21 are represented by the
DHOs, while the excitonic continuum is modeled by a logarithmic function and b is a
constant term.

The analytical expressions (Eq. 3.18 and Eq. 3.21) are fitted simultaneously to the
experimentally obtained real and imaginary parts of the DF using a least square method.
The fit yields the transitions E4 or Ep and the high-energy inter-band transitions FEi,
FEs, and F35. For example, the experimental isotropic DF and its analytical form for the
(0001)-oriented AllnGaN sample (with Al 28% and In 4% content) are represented in
Fig. 3.3. The separate oscillators are shown with the blue solid lines in Fig. 3.3 for the
imaginary part of the DF, as described by Egs. 3.19-3.20. The harmonic oscillator 1
represents the bound exciton states below the band gap, while the harmonic oscillator
2 represents the excitonic continuum. The oscillators 3, 4 and 5 represent high-energy
CPs.

It is important to emphasize that DF modelling permits to determine more ac-
curately the band-gap energy. Many studies use linear interpolation of the squared
absorption coefficient to determine the gap. As it is seen in Figure 3.3, the excitonic
peak is appearing. A linear interpolation of the squared absorption coefficient allows to
determine only the excitonic transition. With the knowledge that AIN exciton binding

energy is ~b5 meV [86], the interpolation of the squared absorption coefficient could
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3.2 Analytical representation of the dielectric function

lead to the band-gap estimation error of several tens of milli-electronvolts for Al-rich

alloys.

3.2.2 Dispersion below the band gap and high-frequency diel ectric
constant

The dispersion of 1 in the transparent region (below the band gap) is expressed by the

analytical expression developed by Shokhovets et al [85] and described as

2 (Ag . E% —(hw)?  ApEp ) 5.2

) =1 2 (P B e 7
where energies F and Epy denote an average band-gap and high-energy transitions,
with their amplitudes Ag and Aj, respectively. The high-frequency dielectric constant
(€x0) is obtained by fitting the experimentally determined e; below the band gap with
the analytical expression (3.22) and by extrapolating this expression to zero photon
energy (hw — 0).

For example, Fig. 3.4 shows the experimental and modelled (by using Eq. 3.22) real
part of the isotropic DF for the AllnGaN sample (Al 28% and In 4%).

7.50
725
7.00
6.75
6.50
6.25
6.00
5.75
5.50
5.25
5.00

experimental -

Real part of the DF - 81
T T T T T T T

Figure 3.4: Experimental ;1 (black solid lines)

475 ——»>L 11 11 and its analytical representation (red open circles)

1.0 15 20 25 30 35 40 ) pe transparent region (below the band gap) for
Photon energy (eV) the AllnGaN sample (Al 28% and In 4%).
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3 Dielectric function

3.3 Model for the mid-infrared range dielectric function

Due to the low I'-point conduction band minimum that is significantly below the charge
neutrality level, the InN material possesses a surface electron accumulation layer [87-
93]. Therefore, the conventional Hall measurement estimates only an average carrier
concentration (which is normally higher than a bulk carrier concentration).

However, the infrared spectroscopic ellipsometry (IR-SE) measurements allow to
estimate accurately a carrier concentration. The electron concentration is obtained
from the analysis of the mid-infrared DF. A plasmon-phonon coupling is observed in a
mid-infrared range. The anisotropic DF for the materials with free carriers is described
using the factorized model based on the anharmonic coupling effects between free-carrier

plasmons and longitudinal-optical phonons [94]:

2

2, 2
11 (W + 1YLPP,njW — WLPP,nj)
_ n=1

(W) = €co; ) ) .
(W? + ivp, jw) <w2 + iv10, W — wTo,j>

(3.23)

where wrpp,,j and yLppn; is the frequency and broadening, respectively, of the n-th
longitudinal-phonon-plasmon (LPP) mode. The parameter ~, ; is the plasma excita-
tion broadening parameter. The frequency and the broadening of the TO phonons are
denoted by wro,; and y10o j, respectively. The high-frequency dielectric constant is de-
noted as e ;. The frequency wrpp,; is related with TO phonon frequency wro ; and

the plasma frequency wy, ; via the following expression:

1
WEPPaj = 5 [Wﬁo,j +wp i+ (—1)"\/ (wio, +wp)? = 4“§,jw"2ro,jJ : (3.24)
From the model fit, the plasma frequency is obtained that is related to the carrier
concentration through the following expression:
N.e?
2 e
= 3.25
P cggaem*(Ne) (3.25)
One can observe in Eq. 3.25 that only the ratio N./m*(NV,) can be determined. Thus, the
problem must be solved self-consistently by analyzing the IR-SE data and the imaginary
part of the DF (e5) around the band gap, as it will be demonstrated in Chapter 6.
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4 Spectroscopic ellipsometry

A spectroscopic ellipsometer is a powerful characterization tool used at research labora-
tories as well as in microelectronics and solar industries. An ellipsometry measurement
is dedicated to characterize thin films and bulk materials. A determination of materials’
optical constants and layer thickness is the most common application of the spectroscopic
ellipsometry. Accurate complex optical constants (Nj(w) = nj(w)+ik;(w)) or dielectric
function (&;(fw) = €1 j(w)+iez j(w)) in the visible and ultraviolet (UV) regions are nec-
essary for opto-electronic device design and modelling. Moreover, the ellipsometry data
analysis provides the information concerning a surface (or interface) roughness, optical
anisotropy, alloy composition, and crystallinity. The advanced ellipsometer with an in-
tegrated rotating compensator allows also to determine film thickness non-uniformity.
An integrated in-situ ellipsometer in a molecular beam epitaxy or metalorganic vapour
phase epitaxy reactor can also be used to determine the growth ratio of the epitaxial
layers.

At the beginning of this chapter, the basics of spectroscopic ellipsometry will be
introduced. Then, three types of spectroscopic ellipsometer setups, used for sample inves-
tigations, will be briefly described; starting with an infrared spectroscopic ellipsometer
(IR-SE) covering the spectral range 300 - 2000 cm~! (0.04 - 0.25 V), a variable angle
spectroscopic ellipsometer permitting to work in the photon energy range 0.56-6.4 eV
and finishing with a synchrotron ellipsometer enabling to conduct measurements in the
high-energy range 5-20 eV. At the end of this chapter, an ellipsometry data analysis is

discussed.

4.1 Principles of ellipsometry

An ellipsometer uses a polarized light and measures its polarization state of the reflected
(or transmitted, depending on the ellipsometer configuration) light. The experimental
data are usually expressed in terms of the parameters ¥ and A that are related to a
ratio of the Fresnel reflection coefficients. This ratio is a complex number and contains a

phase information. This makes a measurement very sensible. Moreover, an ellipsometer
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4 Spectroscopic ellipsometry

measures the ratio of two values and makes a measurement very accurate. It is important
to understand that ellipsometry does not measure sample parameters directly. Therefore,
to estimate sample parameters (e.g., thilm thicknes or optical constants), it is necessary
to solve an inverse problem by modelling the measured experimental data, as it will be
discussed in section 4.5.

The electromagnetic plane wave is describe as
E(rt) = Egelkmwt), (4.1)

The plane wave can be divided in the two components perpendicular and parallel to
the plane of incidence (POI). The perpendicular component is denoted as Eg and the

parallel component is denoted as E,. A column vector describes both components:

Ep
o (5) ”

As it is depicted in Fig. 4.1, the linearly polarized light with a polarization angle x (angle
between the POI and electric field vector) shines a sample at the angle of incidence g
and the polarization state of the reflected beam becomes in general case elliptically
polarized, since the perpendicular and parallel components of the reflected light are not
in phase. For example, Fig. 4.2(a) and (b) show the polarization states of the reflected
linearly polarized light with polarization angles of 30° and 45°, respectively, and with

different phase shift values A. The reflected and transmitted perpendicular and parallel

Figure 4.1: Basic principle of ellipsometry. Linear polarized light becomes elliptically polar-
ized after a reflection.
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(a)

(8]
=30 §=45°
Figure 4.2: Polarization states of the reflected linearly polarized light with polarization

angles of 30° (a) and 45° (b) and different phase shift values A.

components of the plane wave at medium interfaces are described as follows:

() - (v 2)(%);
<E> i (tg t0><E> (14

The indices i, r and t denote an incident, a reflected, and a transmitted wave components,

e '-ubj‘

vtql

respectively. The (2x2) matrices contain the complex reflexion and transmission Fresnel
coeflicients. Using these matrices, it is possible to describe the reflected or transmitted

wave from the incident wave:

7= bt 4.5
1% E ’17 ( )
£, = =Bt 4.6
P Ep,i ? ( )
— ES T
= 4.7
Ts Es,i ) ( )
fo= =t 4.8
° Es,i ( )
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4 Spectroscopic ellipsometry

The Fresnel coefficients can be calculated as follows:

L N cos Yo — Np cos P1

= - , 4.9
" N cos g + Ng cos p1 (4.9)
. ]YOCOSSOO—]YNOS% (4.10)

® " Nycos o+ Nyicos @y’ )
Fo_ 2Ng €S o (4.11)
P Nicos g+ Nycos@y’ ’
_ 2N,
s 098 0 (4.12)

- Ny cos wo + N cos P

where ¢y is the angle of incidence and N; (j=0,1,2) is the complex index of refraction
for respective mediums.

In general case, a sample consists of several layers and the multiple reflections from
the layer interfaces must be considered. A schematic sample structure consisting of a
substrate and a thin layer with a thickness d is represented in Fig. 4.3. The incident
wave in the medium 0 reaches the surface of the medium 1 with the different refractive
index. One part of this wave is reflected and the other is refracted, then, the latter is
transmitted in the medium 1. If the layer (medium 1) is transparent, the beam is again
reflected from the interface between medium 1 and medium 2. The refracted part of the

beam enters the medium 2. For such a sample, the multiple reflections and refractions

Ei Er,total
&)
Medium O: air (n,, k,)
N
0 d Medium 1: layer (n,, k,)
Et,total Wil 2: sulbErene (nz, kz) E{?nu're 4.3: Multiple reflections in the thin
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4.1 Principles of ellipsometry

occur at the layer interfaces. Because of the different optical paths, the reflected beams

will differ in phases. An optical path difference has a phase shift (:

~ - - N2 sin2
B=Nid-kcos@ = kd- Njy/1 —sin2 @, = kd-NM/l—Oj\%%

92 - -
= Tﬂd- \/N12 i sin? ¢g.
(4.13)

Assuming that for an incident medium x¢=0, the total reflected field strength is obtained

by summing up phase shifted separate beams [95]:
. 0 .
E; total = <T01 + tiotore®? Z (F10)" 2 (F12)"° 6121/5) - Fe, (4.14)
v=2

where 7 and ¢ indicate reflection and transmission, respectively, complex Fresnel coef-
ficients and their indices indicate the interfaces between the respective mediums. The

summation term in Eq. 4.14 build up a convergent series and yields

- o1 + Fie P\ o
Er,total = <1+7"017’12€_12’6> 'Ee. (4.15)

The pseudo-reflection Fresnel coefficients are described:

> _ _ 2

Eprtotal  Tpo1 + Tpioe 2P
= - — — —: )
Epj 1+ 7p,017p, 1267127

(Tp) = (4.16)

— — 7‘2
Es,r,total _ Ts01 + Tg,12€ 26
Es; 1+ s 0175107128

(Ts) = (4.17)

From the pseudo-reflection Fresnel coefficients the ellipsometric parameters (¥ and A)

are derived

_— (7p) _ |(Tp)|  el0p=05) — tan @ . 1A
SO RN =taneet (418)

where ¢, and d5 are the phase difference between the reflected and incident electric fields

for parallel and perpendicular components, respectively, and A is the phase difference

between the latter.
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4.2 Infrared ellipsometer

An infrared spectroscopic ellipsometer (IR-SE) is used to investigate the vibrational
properties of the material. Sentech company’s IR-SE covering the spectral range from
300 cm~! to 2000 cm™! is used. An experimental setup of the IR-SE is shown in
Fig. 4.4. An infrared light is emitted from a glowing black-body source. The Michelson
interferometer is employed to produce an interferogram that passes the polarizer P,
reflects from a sample and a retarder (with the known phase shift d), passes a polarizer
P5 and enters a detector. A measured signal is digitized and a Fourier transformation is
performed. Finally, an infrared spectrum is obtained. In order to obtain ellipsometric
parameters ¥ and A, measurements are performed at four different polarizator P angles
a = 0°, 45°, 90° and 135°, while the polarizator Py is fixed at angle ag [96]. After

Ellipsometer Michelson interferometer
3 P IR source
Detector P
3 Retarder ®
Polarisator , 'Beam splitter Moving mirrori
P, (o,fixed) { P B H |
Polarisator | :
P «—>>
P, (o) X
Fixed mirror
Interferogram T
i(X.) (.0,
Fourier
transformation

Xﬁ> > | w&A

Wavenumber - ®

Figure 4.4: Schematic sketch of the IR spectroscopic ellipsometer setup.
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4.2 Infrared ellipsometer

applying the Fourier transformation, the measured intensity is expressed by the following

relation:
1

IHw,a1) = i(rﬁ cos® ag + rz sin? ap) (1 — cos 2’ cos 2a; + sin 2¥ cos A sin 2a; ) F(aq ),
1

Hw,ay) = 5(30 + s1.cos2aq + sgsin2aq) F(aq), (4.19)

where sg, s1 and sy are the Fourier coefficients and are calculated from the ratio I(w,aq)/
F(ay). The factor F(ay) is determined from the calibration measurements without any
sample. For calibration measurements cos2¥=0, cosA=1, and r,=r,~1. By fixing
polarizer’s Py angle at ay=45° and choosing a;=0°, 45°, 90°, the factor F'(ay) is the
measured intensity:

To(w,an) = %(1 + sin 200) F(w,an). (4.20)

For different polarizer P; angles oy, the factor F'(w,ay) is expressed as follows:

Fw,0?) = 2I(w,0°), (4.21)
Fwds®) = In(wd5°), (4.22)
F(w,90°) = 2Io(w,90°). (4.23)

Using Eqs. 4.21-4.23, the measured intensities in Eq. 4.19 are normalized:

- I(w,0°) 1
I _1 4.24
0 2o (@,0°) 2(80+81)7 (4.24)
_ [(wds®) 1
ja _! 42

1 2o (w A5°) 2(80+82)7 (4.25)
— I(w,90° 1
L o= LW Lo (4.26)

200(w,90°) 2

For the three polarizer azimuths, the ellipsometric parameters ¥ and A are determined:

S1 12 — I()

20 = = = 4.27
cos w Ll ( )

. S92 2[1
2u/ A = == —1 4.28
sin 20’ cos s Ll , (4.28)

tan ¥

tan ¥ = t::l‘%. (4.29)

In the extended measurements mode 0° < A < 360°, it is necessary to use an

additional polarizer angle a;=135° [96].
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4 Spectroscopic ellipsometry

4.3 Variable angle ellipsometer

A commercial variable angle rotating analyzer ellipsometer from J.A. Woollam Co, Inc.
company is used to conduct measurements in the spectral range 0.56-6.42 eV. A variable
angle of incidence permits to obtain more accurate measurements, since the modelling of
the ¥ and A parameters measured at different angles of incidence reduces a correlation
between the optical constants and film thickness. A simplified schema of a variable
angle rotating analyzer spectroscopic ellipsometer is presented in Figure 4.5. A high-
pressure xenon lamp is used as a light source. First, the light from the xenon lamp
shines on a monochromator. Then, the monochromatic light reaches a collimator via an
optical fiber cable. After passing a polarizer, it becomes linearly polarized. In addition,
a compensator (as an optional element) can be used for the advanced ellipsometry
measurements. The polarized light shines a sample, then, reflects, passes through a
rotating analyzer and, finally, reaches an InGaAs or a Si diode detector (depending in
which spectral range a measurement is conducted). A signal intensity in the detector is
described as

Ip < 1+ acos(24) + Bsin(24), (4.30)

Compensator

Rotating L N .
analyser " il @ ’ Polarizer
Detector Collimator
Optical
fiber
Xe lamp

PC K= controller K—>{Monochromator ®

Figure 4.5: Schematic representation of the rotating analyzer ellipsometer setup.
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4.3 Variable angle ellipsometer

where A is an azimuthal angle of the analyzer. Both measured parameters are the
Fourier coefficients v and 3 that are expressed as
tan? ¥ — tan® P

a = and (4.31)
tan? ¥ + tan? P

2tan ¥ cos A tan P
8 = , (4.32)
tan? ¥ + tan? P

where P is an azimuthal angle of the polarizator. From the obtained Fourier coefficients,

the ellipsometric parameters W and A are derived by using the following relations:

1
tan U = To. | tan P| | (4.33)
l1-a
tan P
cos A = b an (4.34)

Vi_a? |tanP|’

Before conducting the measurements, an ellipsometer is calibrated in order to de-
termine the parameters Ay and Py (absolute angles of the analysator and polarizator,
respectively) as well as 7 representing a calibration parameter equal to the relative atten-
uation of the AC component of the detector signal with respect to the DC component.
The experimentally determined « and § are corrected with Ay and 7. The corrected

Fourier coefficients are expressed as

o = n(acos24g + Bsin24y) , (4.35)
B = n(Bcos24y — asin24g) . (4.36)

Then, the equations (4.33) and (4.34) are transformed to

1 /
tw@:MTiiwmmP—%ﬂ, (4.37)
— X

g tan(P — Ry)
V1—a? |tan(P— Py)|

By employing the expressions (4.35) - (4.38), the ellipsometric parameters ¥ and A are

cos A = (4.38)

derived.
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4.4 Synchrotron ellipsometer

A synchrotron ellipsometer setup attached at the Berlin electron storage ring (BESSY
II) is a large-scale facility at Helmholtz-Zentrum Berlin (HZB) and provided by the
research group of prof. N. Esser and dr. C. Cobet from the ISAS Berlin. The synchrotron
ellipsometer is designed to serve researchers from universities, research institutions and
industry. Figure 4.6 shows the bird’s eye view of the BESSY II synchrotron ring.

The ellipsometer uses a synchrotron light obtained from the TGM4 or 10m-NIM
beam lines and covering the spectral range from 3 up to 30 eV photon energy. This
synchrotron ellipsometer, permitting to investigate the materials in such a wide photon
energy range, is unique worldwide.

The synchrotron ellipsometer setup and its simplified schematic sketch are shown in
Fig. 4.7 and Fig. 4.8, respectively. All optical components of the ellipsometer setup are
mounted in an ultra-high vacuum (UHV) chamber, since an air (nitrogen) absorbs the
light with photon energies above 6.5 eV (9.5 V). Where are no transparent materials
which can be used as window in the chamber above 10 eV photon energy. For this reason,
the vacuum chamber of the ellipsometer has to be connected with the UHV system of
the electron storage ring. The base pressure of 2 x 1071 mbar is created in the main
ellipsometer’s chamber where the sample is mounted. The synchrotron ellipsometer is

based on a rotating-analyzer ellipsometry design.

Figure 4.6: BESSY II synchrotron ring.
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4.4 Synchrotron ellipsometer

Figure 4.7: Synchrotron ellipsometer setup.

BESSY electron storage ring

Si photodiodes
Analyzer - 45°
Triple-Gold-Reflection

Mirrorr/ I

I Dipole

Analyzer - 68°
Mg,F Rochon Prism

sample

Monochromator

UHV chamber

Figure 4.8: Simplified schematic representation of the synchrotron ellipsometer setup.

As it is indicated in Fig. 4.8, the incoming linearly polarized synchrotron light
reflects from a grating monochromator, then, the monochromatic light beam shines on
a sample mounted in the UHV chamber and after reflection from the sample enters
an analyzer chamber. Depending on the measured photon energy range, the angle of

incidence is chosen at 45° or at 68°. Each analyzer chamber is equipped with a rotating
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4 Spectroscopic ellipsometry

analyzer and a Si-photodiode detector. For the energies below 10 eV the MgFs polarizer
is used in the analyzer chamber tilted at 68°, while for the energies above 10 eV the
triple reflection gold-Si-gold polarizer is used in the analyzer chamber tilted at 45°. In
order to remove the surface contaminations on the sample, the annealing of the sample
is performed in the UHV chamber. More detailed description about this synchrotron

ellipsometer can be found elsewhere [97,98|.

4.5 Ellipsometry data analysis

For an arbitrary sample, a so called pseudo DF is obtained from the equation

1—75\2
1+tan24p< p)

— ), 4.39
1+7 (4.39)

<e&>= sin290

where ¢ is an angle of incidence. Equation 4.39 yields a true DF only for a semi-
infinite isotropic bulk crystal with a perfect surface. It is important to understand
that the investigated samples are not ideal and contain a thickness non-uniformity,
interface and surface roughness. To extract the true DF of the investigated sample, the
ellipsometry experimental data are needed to be simulated. An optical multilayer model
[99], which includes a substrate, interfaces, investigated layer, and surface roughness
overlayer, is applied. The optical constants of the the substrate and the layers, which
are below the top layer, are taken from the database or measured separately. The surface
roughness is taken into account by including an over-layer for which the DF is given by
the Bruggeman effective medium approximation (EMA) [100] assuming 50% air voids in
the top layer matrix. In order to reduce a correlation between a layer thickness and a DF,
ellipsometric parameters W and A are recorded at several different angles of incidence.
All data are fitted together to get the layer thicknesses and the DF of the investigated
top layer. The experimental values (Wijeas and Ajpeas) and model generated values
(Vimodel and Apyogel) are fitted using the Levenberg-Marquardt algorithm to minimize

the mean square error (MSE):

(qlinodel _ \Ijineas) + <A;Lnodel z_ A%neas) ] , (440)

A
Oy oA

1 N
MSE =
SE= N w2

where NNV is the number of ¥ and A pears and M is the number of the fitted parameters
in the model. The standard deviation of the experimental data is defined by o. Fig. 4.9
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4.5 Ellipsometry data analysis

shows a typical result of the fitting procedure; the measured and simulated (using a

multi-layer model) ellipsometric parameters ¥ and A as well as <e1> and <ey> values
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Figure 4.9: Measured (black dashed line) and fitted (red solid line) ellipsometric parameters
U (a) and A (b) as well as <e1> (c¢) and <e2> (d) as a function of photon energy for
AlInGaN (Al 56% and In 3%)) sample. The data refer to an angle of incidence of 67°.
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4 Spectroscopic ellipsometry

are shown in Fig. 4.9(a), (b), (c), and (d), respectively, as a function of photon energy for
the (0001)-oriented quaternary AllnGaN film (grown on GaN/AIN /sapphire substrate)
at the angle of incidence of 67°. No assumption is made concerning the spectral shape
of the DF| i.e., €1 and ey were fitted separately for each photon energy followed by a
proof of Kramers-Kronig consistency between two quantities. The multi-layer consists
of the sapphire substrate, the AIN and GaN buffer layers (with the already known
DFs), and finally, the AllnGaN film which is of particular interest. The peculiarities
for three ranges (transparent, around the band gap, and at high photon energies) are
well reproduced. Fabry-Perot like oscillations with small energy spacing appear in the
range below 3.4 eV for which the thick GaN film becomes transparent. The long-period
envelop reflects the contribution from the much thinner AIN buffer and AllnGaN layer.
The next feature is found around 3.4 eV where W exhibits a sharp dip, it is unambiguously
attributed to the band gap of AllnGaN. Because the thick GaN layer is already opaque
in this range, the fit is very sensitive to the DF of AllnGaN. Finally, the features above
7 eV arise from contributions related to the high-energy critical points of the band
structure, as it can be observed in <e9> shown in Fig.4.9(d).

As ellipsometry is not a direct deductive method (only the parameters W,e,s and
Ameas are measured directly and the optical constants and film thickness are obtained
indirectly via modeling), it is also worth to check the investigated film thickness or
surface roughness with other characterization tools, e.g., XRD, SEM, or TEM (for a
film thickness) and AFM (for a surface roughness).

In the following example, it will be demonstrated that a free-carrier concentration
absorption modelling with the Drude oscillator significantly improves a multilayer model
for the InN sample. It is known that an InN material has an electron accumulation
at the surface [87-93] and at the interface (between an InN and a buffer layer or a
substrate) [101]. Using high-resolution electron-energy-loss spectroscopy (HREELS),
Veal et al [101] found that the surface sheet density at the InN/GaN interface is to be
in the the order of 10 cm™2. The free electrons exhibit a distinctive optical absorption
that can be described by using the Drude model (this is a special case of a single Lorentz
oscillator with the center energy fixed at zero).

Fig. 4.10 shows two different multilayer models used for the experimental ellipsome-
try data fitting for the InN sample (indicated as sample CO in Chapter 6). On the left
side of the figure, the multilayer model consisting of a sapphire substrate, a GaN buffer
layer, an InN layer, and an overlayer (EMA layer consisting of 50% of InN material
and 50% air voids). A multilayer model presented on the right side of the Fig. 4.10, in
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4.5 Ellipsometry data analysis

addition, has a 10 nm thick interlayer that contains the Drude oscillator and the known
InN parametric oscillator model [2].

Below the schematic multilayer representations the experimental and fitted ¥ pa-
rameters as well as the obtained DF together with the point-by-point DF are shown. It
is clearly seen that by inserting the interlayer that contains the Drude oscillator, the

model fit improves significantly.

Model #1 Model #2

overlayer 2.1 nm
overlayer 1.8 nm

InN 810 nm

InN 972 nm

sapphire .
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25
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Figure 4.10: Optical multilayer model without (model No. 1) and with (model No. 2) an
interlayer.
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5 Epitaxial growth

Several techniques are used to grow III-V nitride materials: metalorganic vapour phase
epitaxy (MOVPE), molecular beam epitaxy (MBE), hydrogen vapour phase epitaxy
(HVPE), and remote plasma chemical vapour deposition (RPCVD) [102]. For industrial
production of the nitride based optoelectronic devices, the MOVPE equipments are
widely used. The MOVPE allows high growth ratios, high wafer throughput and precise
in-situ temperature and growth monitoring. With the MOVPE system it is possible to
grow relatively thick films (several micrometers), to control the layer thickness in the
nanometer range and the composition in the alloy. This is necessary to grow high quality
quantum structures used in LEDs. Alternative epilayer growth techniques are MBE,
HVPE, and RPCVD. The MBE allows a better control of the film thickness and the alloy
composition. However, the MBE growth needs ultra-high vacuum and the growth rates
are very slow, therefore, it is more used at the research scale. The HVPE offers very high
growth rates, permitting to grow very thick films (several millimeters). A disadvantage
of the HVPE is that it is difficult to control a film thickness and it is not possible to grow
very thin quantum structures that are necessary for LEDs production. The RPCVD
technique allows to grow films at lower temperatures. This is very promising for the
growth of high quality In-rich InGaN alloys.

All investigated samples in this work were grown by MOVPE or MBE, therefore,

theses techniques will be shortly introduced in the next sections.

5.1 MOVPE epitaxial growth

In this section, the basic principles of the MOVPE process and equipment setup will be
briefly described. Fig. 5.1 demonstrates the MOVPE growth process. A gas mixture
consisting of the precursors passes over a heated substrate. The precursor molecules
pyrolyze. The atoms bind to a substrate surface and a new crystalline epilayer is grown.
The precursors for III-V nitrides are group III metals such as an aluminum (Al), a
gallium (Ga), and an indium (In) as well as group V element nitrogen (N). The stan-

dard metalorganic precursors are a trimethylgallium (TMGa), a trimethylalliuminium
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Figure 5.1: MOVPE growth process.

(TMAI), and a trimetylindium (TMIn). A schematic drawing of the TMGa molecule is
shown in Fig. 5.2. The ammonia (NH3) is used as a precursor for the group V element

nitrogen. The reaction is described by equation

R3Mgas + EHS(gas) = ME(solid) + 3RH( (5.1)

gas)»

where R is an organic alkyl, M is the group III metal, and F is the group V element.

A temperature of the substrate controls an adsorption, a surface kinetics, and a
desorption. The growth rate in a logarithmic scale as a function of inversed substrate
temperature Tg is shown in Fig. 5.3. Three growth regimes are distinguished: kinetic
limited, transport limited and desorption.

The n-type doping in III-V compounds is achieved by using hydride precursors
silane (SiH4) and germane (GeHy). The p-type doping is obtained by using a CpoMg.
A residual oxygen and moisture are presenting in the ammonia. Therefore, the oxygen

is incorporated in the grown epilayers [103]. A highly corrosive chemical ammonia is

Figure 5.2:  Schematic drawing of the
TMGa molecule.
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5.1 MOVPE epitaxial growth

transport limited

log(growthrate)

Figure 5.3: Growth rate in a logarith-
> mic scale as a function of inverse sub-
strate temperature.

1T

S

believed to react with a stainless steel that causes the contaminations in the epilayers.
Transition metals (iron, chromium, and vanadium) are also detected in grown layers
[104]. A carbon, which comes from the metalorganics, is very common contaminant in
the epilayers [104,105].

Stacking faults and dislocations in an epilayer are caused due to a lattice mismatch.
A thermal mismatch causes the epilayer to crack during cooling process. III-V nitride
semiconductors an InN, a GaN, and an AIN as well as their related alloys are commonly
grown on a sapphire substrate. The growth on c-plane and a-plane sapphire yields a
c-plane orientation, while growth on r-plane sapphire yields an a-plane orientation of the
epilayer. Other more common substrates are a SiC and a Si(111). A silicon substrate
is promising as being very cheap and commercially viable. Recently, Dadgar et al [106]
demonstrated a crack-free highly conductive GaN (doped with Ge) epilayer grown on
a Si substrate. A free-standing GaN prepared by HVPE is very expensive substrate.
However, for high reliability devices a low concentration of threading dislocations is

required, therefore, a homoepitaxy is needed.

5.1.1 MOVPE setup

MOVPE systems are widely used in research as well as in industrial sector. With
increasing LED market, the MOVPE system manufacturers already sell the equipments
adapted for 8-inch wafers. The main elements in the MOVPE system are a reactor, a
gas storage unit and a control unit. Fig. 5.4 shows a schematic representation of the
AIXTRON Close Coupled Showerhead system. Precursor source flows are stabilized
by using a vent line. Just before the growth process, the 5/2 valves switch the source

stream to the run lines. The flow rates are controlled by mass flow controllers. The
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Figure 5.4: Schematic sketch of the MOVPE system.

group III and V precursors arrive at reactors’ shower head in two separated plenum
chambers. They are mixed inside the reactor chamber and deposits on the hot wafer. In
order to have a better epilayer uniformity, a susceptor is rotating together with a wafer
on it. The heater is installed below the susceptor. The exhaust gases are pumped out
and neutralized in the scrubber.

A constant pressure is kept in the reactor. A partial pressure of the gaseous pre-

cursor is expressed as [107]

_ Qo
B Qtot Pr, (5.2)

where Qgp, Qtot, Pr are a flow of the precursor, a total flow, and a total reactor pressure,

ng

respectively. The metalorganics are kept in the so called bubbles that assure stable

temperature. The stability of the temperature and, consequently, the stability of the
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5.1 MOVPE epitaxial growth

vapour pressure is very important, because only defined precursor quantities must be

provided in the reactor. A vapour pressure of the metalorganic is expressed as

A

logio(P) = B — T (5.3)

where P is a pressure in Torr, T is the temperature in Kelvin, A and B are the coefficients

for the group III metalorganics listed in Table 5.1.

Table 5.1: Vapour pressure for the group III metalorganics (data from AkzoNobel).

Metallorganic  Molecular formula A B Vapour pressure @10° (Torr)
TMAI (CH;)3Al 2134 8.224 6.57
TMGa (CH3)3Ga 1703 8.07 113.6
TEGa (CoHs5)3Ga 2162 8.083 2.80
TMIn (CHs)3In 3204 10.98 0.46

Carrier gases are used to transport the metalorganics from the bubblers to the
reactor. A hydrogen (H) or a nitrogen (N) of very high purity (IN=99.9977777%) are
used as carrier gases. The carrier gas flows to the bublers, then, the gas mixture of the
metalorganics and the carrier gas is obtained and transfered to the reactor via pipelines.
The piplines are separated for the group III metals and the group V element (ammonia).
To achieve a high quality epilayers and reduce an oxygen incorporation, the high purity
precursors are required. Even the highest purity ammonia (6.0 equivalent to 99.9999%)
contains a moisture and foreign residual substances. Additionaly, the purification units,

which contain catalytic metal filters, are used in the gas lines, as it is shown in Fig. 5.4.

5.1.2 In-situ optical monitoring

An in-situ monitoring is very important for the growth control in the MOVPE reactor.
A growth rate, a layer thickness, a wafer curvature as well as a growth temperature can
be monitored in-situ in the MOVPE reactor. Here, an example of the in-situ monitoring
will be shown for the InN sample growth. The commercial company’s Laytec in-situ
reflectance, temperature, and curvature measurement system, installed in the MOVPE
reactor, was used for a growth monitoring. A detailed description of the Laytec in-situ
system can be found elsewhere [108].

A sample consisting of a substrate and a thin layer with incident and reflected

beams is depicted in Fig. 5.5. The incident light intensity is denoted as I; and the
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d  Layer(n, k,)

Figure 5.5: Schematic drawing of
Substrate (n, k) the sample consisting of a substrate
and a thin film. The arrows indi-
cate incident and reflected beams.

e—g

reflected light intensity is denoted as I,. In short, the reflectance is described as the

ratio of the incident and reflected light:
I,
R=—. 5.4
: (5.4

Assuming that an ambient medium has a refractive index ng=1 and the normal incidence
of the light beam, the reflectivity from the first interface (ambient-layer) is expressed as
follows:

P Ul ey (5.5)

(n141)? + k7

where nq is a refractive index and x is an extinction coefficient of the top layer. However,
if the thin layer deposited on the substrate is transparent for the used light wavelength,
the multiple reflections from the surface and interface will occur. By growing an epilayer,
its thickness will increase with a time and the Fabry-Perot oscillations will be observed
in a signal of the reflected light. The growth rate is determined from the Fabry-Perot

oscillations period [109]:
A
r= /m ,
2-At
where At is an oscillation period, n; is a refraction index of the epilayer at wavelength
A

(5.6)

For example, Fig. 5.6(a) shows in-situ process (black line) and true (blue line) tem-
peratures for the InN layer grown on an AIN and a GaN buffer layers with a sapphire
substrate. Here, the process temperature is called a temparature measured with a ther-
mocouple installed near the heating element below a subsceptor. The true temperature

is called a temperature obtained from the emissivity-corrected pyrometry. A detailed de-
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Figure 5.6: In-situ temperature (a) as well as reflectance at the wavelength of 405.6 nm (b)
and 950.4 nm (c) measured for the InN sample grown on GaN/sapphire template.

scription of the emissivity-corrected pyrometry is given elsewhere [110]. For the in-situ

growth analysis, the high-temperature optical constants of GaN and AIN were used from

the database (provided in the commercial Laytec software). However, the optical con-
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stants for the InN were not provided in the database, therefore, the room temperature
InN optical constants, determined by spectroscopic ellipsometry, were employed. The
room temperature optical constants for the InN sample (indicated as sample B0 in Chap-
ter 6) are shown in Fig. 5.7. Drago et al [111] measured the optical constants at various
temperatures and demonstrated that significant deviation from room temperature opti-
cal constants occurs only in the photon energy range above 3 €V (or below 413.3 nm).

From the fit of the Fabry-Perot oscillations, it was possible to determine the growth rate
of the epilayer. Fig. 5.6(b) and (c) show the reflectance measurements at 405.6 nm and
950.4 nm, respectively. The low-temperature (LT) AIN buffer layer growth rate was de-
termined to be 0.16 nm/s from both 405.6 nm and 950.4 nm wavelength reflectance. The
high-temperature (HT) AIN layer growth temperature was determined to be 0.15 nm/s
from the 405.6 nm wavelength reflectance. The GaN and high-pressure (HP) GaN buffer

layers growth rates were determined to be 1.12 nm/s and 0.66 nm/s, respectively, from

InN 140 nm
HP GaN 1188 nm

GaN 2016 nm

HTAIN 360 nm
LT AIN 480 nm

sapphire Figure 5.8: Schematic multilayer represen-
-—  ——— | tation of the grown sample.
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5.1 MOVPE epitaxial growth

the 950.4 nm wavelength reflectance. And finally, the InN layer growth rate was de-
termined to be 0.026 nm/s and 0.029 nm/s from 405.6 nm and 905.4 nm wavelength
reflectance, respectively. With the knowledge of the growth time and growth ratio, it is
possible to calculate the layer thickness. A schematic grown multilayer structure with
the indicated layer thicknesses is represented in Fig. 5.8.

It is also important to control a curvature of a wafer in the MOVPE growth process
[112]. Where are several reasons causing the curvature of the wafer. The in-plane lattice
parameter of the epilayer normally differs to that of the substrate. The wafer will become
convex or concave depending on a tensile or a compressive strain of the deposited layer.
The wafer is heated and the bottom of the wafer is hotter than the top (the top of
the wafer is cooled by the process gases). A formed vertical temperature gradient leads
to the different thermal expansions of the top and bottom layers. The hotter bottom
surface expands more, therefore, the concave curvature is formed. Too large concave
or convex wafer curvature will create a gap between the wafer and susceptor. This
induces a temperature variations on the wafer surface plane. Consequently, it will
lead to the epilayer thickness non-uniformities [113]. For a convex wafer a center is
expected to be cooler, while for a concave wafer the edges are cooler. A control of
the wafer bowing is especially important for the InGaN based LED fabrication with a
homogeneous wavelength emissivity, since the indium incorporation is very sensible to
the temperature. This issue becomes more crucial for a large diameter wafers. Therefore,
the in-situ curvature control plays an important role in the LEDs production.

A curvature radius R is obtained by measuring the distance between the spots of
the reflected (from the wafer’s surface) two parallel laser beams. The curvature K is

expressed as an inverse of radius K = %. It consists of three components [114]:

1 1 1 1

E = Rinitial Rthermal + Rgrowth (57>

where ﬁ is an initial curvature of the wafer. The second curvature component

induced by a thermal gradient is expressed as

1 Tback - Tfront

Rthermal( ) = s dq ) (58)

where ag is a substrate’s thermal expansion coefficient and dg is a substrate thickness.

The temperature of the wafer’s top and bottom are denoted as Tiont and Thack, re-
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spectively. Finally, the third curvature component caused by the growth is expressed

as
1 6d; M;ge
— (1) = — 5.9
Rgrowth( ) dgas n[s ’ ( )

where My and M is a biaxial elastic modulus of the film and substrate, respectively. A
strain is denoted as € and an epitaxial film thickness is denoted as dy. The substrate’s
lattice parameter is expressed as as—as(T)=alX" (1+as(T-Trr)), where Tgrr is a room
temperature. The approximation in Eq. 5.9 is valid only for d¢/ds < 1. Fig. 5.9 shows
a measured curvature for a grown InN film on the 2 inch sapphire wafer. At high
annealing temperatures, reached during desorption process, the wafer curvature radius
amounts to ~90 km~'. This is caused due to a vertical thermal gradient in the wafer. At
annealing temperature, the curvature is positive, therefore, the wafer becomes concave.
When the wafer is cooled down to the GaN nucleation temperature, the curvature radius
decreases to 30 km™'. Again, when the temperature is increased to the temperature of
GaN crystallization and GaN growth, the wafer curvature increases to ~75-100 km™".
Finally, when the temperature is cooled down to the InN growth temperature, the

curvature decreases to ~-50 km™1.

It remains similar during all InN growth period.
After cooling down to RT, the curvature still decreases to a huge ~-115 km~! value.

This curvature corresponds to a large convex wafer bowing.
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5.2 MBE epitaxial growth

5.2 MBE epitaxial growth

In MBE systems, thin films are grown in the UHV environment on a heated substrate.
The advantages of the MBE system is the growth of abrupt interfaces, a low contami-
nation (UHV 10~ Torr), an in-situ growth control by using a reflection high energy
electron diffraction. The plasma-assisted (PA) MBE has also an advantage in growing
high-quality InN and In-rich alloys at lower temperatures. In the PA-MBE setup, the
nitrogen radicals are generated separately in a plasma source, while for the MOVPE the
NHjs pyrolysis on the wafer surface requires much higher temperatures. The group III
sources (In, Ga, Al) used in the MBE system are in solid form and evaporated thermally
from the effusion cells (Knudsen cells). A nitrogen source is an ammonia that thermally
decomposes on the sample surface or a nitrogen radicals (for the PA-MBE setup) that
are activated by RF source. Source elements are heated in Knudsen cells. The directed
beams of molecules or atoms on the heated substrate are created. They react with the
atomic or ionic nitrogen on the substrate surface and epilayer starts to grow. For n- or
p-type doping the Si and Mg, respectively, are evaporated. Fig. 5.10 depicts a schematic
MBE setup representation.

Pump
RHEED Gun

Dopants (Si, Mg) Shutters l I Gate Valve

/

v :

Solid Source: In / i . Load Chamber
i Heating

- element

Pyrometer
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Solid Source: Ga
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Figure 5.10: Schematic sketch of the MBE setup.
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6 Optical properties of InN

In the first part of this chapter, optical properties of the (0001)-oriented unintention-
ally doped InN films grown on the Si(111) substrate with different nucleation/buffer
layers will be compared to the results obtained for a film grown on a sapphire substrate.
In previous studies, Schley et al [13] investigated wurtzite structure InN samples with
carrier concentration in the range of 10'® cm™ by using a spectroscopic ellipsometry
and obtained an intrinsic strain-free band-gap of 0.675 eV. In this work, the InN films
grown on the Si(111) exhibit one order of magnitude higher carrier concentration. The
isotropic DFs are obtained in the range from 0.56 €V to 9.5 eV. Taking into consideration
the strain influence on the band gap, the Burstein-Moss shift (BMS), and the band-gap
renormalization (BGR), a strain-free intrinsic band gap will be estimated. Moreover, in
the second part, the series of a carbon doped (0001)-oriented InN samples will be investi-
gated. Recently, theoretical studies from Ramos et al [115] and Duan and Stampfl [116]
claimed that a carbon is a possible p-type dopant in the InN material. The p-type
InN doping is still critical and limiting device applications. So far, only Mg doping has
shown evident p-type doping in the InN material [117,118]. However, from the IR-SE
and SE investigations presented here, it will be proved that a carbon doping leads to an
increased electron concentration in the InN material. The isotropic DFs for the carbon
doped InN samples will be presented in the extended energy range up to 17 eV. It will
be shown that the characteristic features in the high-energy part of the imaginary part
of the DF for different samples remain at the same energetic positions.

Figure 6.2 and 6.3 in this chapter are reprinted with permission from Sakalaus-
kas et al, Physica Status Solidi A, Vol. 207, Page 1066, (2010). Copyright 2010, John
Wiley & Sons, Inc.

6.1 Description of the investigated InN samples

Two InN samples grown by PA-MBE on the Si(111) substrates are denoted as Al and
A2, while the sample with a sapphire substrate (used as a reference) is denoted as B0.

These samples were provided by dr. J. Grandal from ISOM, Technical University of
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6 Optical properties of InN

Madrid. The sample A1 consists of a 50 nm thick AIN nucleation layer grown on Si(111)
substrate at a temperature of 890 °C under stoichiometric conditions. The InN layer
of 390 nm thickness (as determined by SE) was directly grown on the nucleation layer
under slightly N-rich condition at 450 °C. The InN film of the second sample (A2) was
grown at the same conditions as sample Al. Additionally, sample A2 contains a GaN
buffer layer of 250 nm thickness deposited under stoichiometric conditions at 730 °C.
The InN layer thickness for sample A2 amounts to 412 nm. The third sample (B0)
has the following multi-layer structure: A commercial Lumilog n-type GaN:Si (doping
2x10'® cm™3) template layer of 3500 nm thickness grown by MOVPE on a sapphire
substrate served as a template. PA-MBE started with the growth of a 80 nm thick GaN
buffer layer under slightly Ga-rich conditions at 700 °C. Finally, the InN film of 688 nm
thickness was deposited at 470 °C under slightly N-rich conditions.

For the purpose of a carbon doping analysis in the InN material, a series of ~1 pm
thick (0001)-oriented InN films were grown by PA-MBE on a sapphire/GaN templates.
The carbon doped InN samples were provided by dr. A. Kniibel from Fraunhofer IAF.

A gaseous CBry was used as a carbon doping source. A supply pressure of gaseous

412 nm InN (MBE)
250 nm GaN (MBE)

390 nm InN (MBE)

50 nm AIN (MBE) 50 nm AIN (MBE)
Si (111) Si (111)
]
sample A1 sample A2

50

688 nm InN (MBE)

80 nm GaN (MBE)

3.5 um GaN:Si (MOVPE)

Al,0,(0001)
\/\/

sample BO

~1um InN:C (MBE)

50 nm GaN (MBE)

1.5 um GaN (MOVPE)

Al,0,(0001)
~

sample C series

Figure 6.1: Schematic representation of the investigated InN samples.



6.2 Structural properties of the investigated InN samples

CBry was varied for different samples. The CBry supply was varied by a mass flow
controller. The investigated samples are labeled from CO to C4 according with increase
of carbon CBry4 supply pressure in the samples. The sample labeled as CO0 is the reference
sample grown without CBryg source supply. The different CBry pressures of 5, 20, 50,
and 80 mTorr were used for the growth of samples labeled as C1, C2, C3, and C4,
respectively. When the CBry molecule reaches a hot substrate, it cracks and then carbon
is incorporated in the InN material. The bromine is desorbed due to its relatively high
vapour pressure, thus, its incorporation can be neglected. All C series samples were
grown at 470 °C temperature. The flux ratios In/N for samples were chosen at slightly
In-rich condition in order to get smooth surfaces. Due to the slightly In-rich growth
conditions, the In droplets were accumulated on the the top of the sample surface. After

the growth, the In droplets were etched using HCI.

6.2 Structural properties of the investigated InN samples

The structural properties were characterized by X-ray diffraction (XRD) measurements
(provided by the growth groups). All samples exhibit (0001)-orientation, i.e., the c-axis
oriented along the growth direction. Rocking curves of the symmetric (0002) reflections
revealed a full width at half maximum (FWHM) of 917 (A1), 973 (A2), and 512 arcsec
(B0). The FWHM values of the symmetric (0002) reflections for C0O to C4 samples were
determined to be 331, 320, 288, 295, and 299 arcsec. The lattice parameters a and ¢
were obtained from the reciprocal space maps. The structural characterization results
of the investigated InN samples are summarized in Tab. 6.1. It is important to note

that the InN film grown directly on the AIN nucleation layer (sample A1) experiences a

Sample a c €xa €2z EI; FWHM (0002) Table 6.1:
o o 4 _4 1 Structural  pa-
(A) (A) (10 ) (10 ) (Cm ) (arcsec) rameters of the
Al 3.554 5700 469  -6.5  490.6 917 investigated InN
samples.
A2 3.528  5.707 -27.3 6.0 491.8 973
BO 3.5016 5.709 -62.2 9.8 494.8 512
Co0 3.5259 5.7153 -33.36 20.34 - 331
C1 3.5237 5.7157 -39.57 21.04 - 320
C2 3.5267 5.7153 -31.09 20.34 - 288
C3 3.5266 5.7160 -31.38 21.56 - 295
C4 3.5208 5.7178 -47.77 24.72 - 299
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Intensity (a.u.)
Intensity (a.u.)

485 490 495 500 570 580 590 600 610 Figure 6.2: Raman spectra in the range of
Raman shift (cm™) Raman shift (cm™) the E5' (a) and A;(LO) (b) phonon modes.

tensile in-plain strain. The insertion of a GaN buffer leads to a compressive strain that
is most pronounced if a sapphire substrate is used (sample B0).

In addition, the strongly different €., values for the samples A1, A2, and B0 are
emphasized by Raman studies; corresponding spectra are shown in Fig. 6.2. They were
measured in backscattering geometry employing the 514 nm line of an argon ion laser.
The symmetry-allowed E} high mode in Fig. 6.2(a) shifts in agreement with other
studies [119] to larger wavenumbers (see Tab. 6.1) with increasing in-plane compressive
strain. It is expected that the longitudinal A;(LO) phonon couples to the plasmons
giving rise to mixed plasmon-LO-phonon excitations. As it can be seen in Fig. 6.2(b),
a signal appears around 585 to 595 cm ™! which corresponds to the expected position
of the unscreened A;(LO) frequency. This observation is attributed to the scattering
of virtual electron-hole pairs on structural defects of the lattice violating wave vector
conservation [120]. The larger broadening of the feature for samples Al and A2 indicates

more defects than for sample B0.

6.3 Analysis of the unintentionally doped InN samples

The isotropic DFs of the investigated unintentionally doped InN samples Al, A2, and
B0 in the photon energy range from 0.56 eV to 9.5 eV are presented in Figure 6.3(a),
(b), and (c), respectively. The general shape is consistent with previous results [68,121].
First of all, the attention will be focused at the DF around the band gap. The DFs
around the band gap are compared for sample A1 and B0 in Fig. 6.4. The absorption
onset (imaginary part of the DF-g9 around the gap) is blue-shifted for sample A1 with
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6.3 Analysis of the unintentionally doped InN samples

respect to the absorption onset of sample B0. Following the Kramers-Kronig relation,
the real part of the DF (1) for sample Al is also shifted to higher energies. Applying
the Eq. 3.22 presented in Chapter 3.2, the high-frequency dielectric constant e, for
each sample was obtained and summarized in Tab. 6.2. The shift of the absorption
edge towards higher energies lowers €, i.e., this quantity becomes sample dependent.
In order to explain the obtained different absorption edge for the degenerated wurtzite
structure InN samples and to evaluate the intrinsic strain-free band gap, the following

effects must be taken into consideration:
e Band-gap renormalization;
e Burstein-Moss shift;
e Strain influence on the band gap.

The first effect, the band-gap renormalization, is caused due to many body interaction
that induces a band-gap reduction. The second effect, the Burstein-Moss shift [122,123],
is due to degenerated Fermi gas with Fermi level that is above the conduction band
minimum. The third effect to be considered, is a strain influence on a band gap. The
InN films are normally grown on a sapphire or Si wafers with different buffer layers.
The different thermal expansion coefficients as well as lattice mismatch between a buffer

and an InN epilayer lead to the tensile or compressive InN layer strain. All these effects
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Figure 6.4: Isotropic DFs for sample Al (dashed

must be taken into consideration in order to obtain an intrinsic strain-free band-gap of
InN material.

The following approach is used to estimate the band-gap renormalization. The
presence of high electron concentrations in a narrow band-gap semiconductor leads to
characteristic changes of the band structure around the I'-point of the Brillouin zone.
A carrier induced many-body interaction causes a shrinkage Aggr of the intrinsic gap
Ep, as denoted in Fig. 6.5. Recent studies [13,121] emphasized the approach given in
Ref. [11] for calculating Agpgr. Therefore, this approach is also applied in this work.
The lower or renormalized gap is denoted by Fye, and indicated in Fig. 6.5. The gap
renormalization enhances the non-parabolicity of the conduction band and, thus, the
characteristic electron effective mass [121]. Wu et al [11] proposed to describe the
band-gap renormalization shift Aggr as the sum of electron-electron and electron-ion
interaction contributions:

Apgr = AFe_o + AFE._; . (6.1)

The electron-electron interaction component is described as follows:

2 2
AB, = 2Che e [1 - 4arctan< b )] : (6.2)
™

47T2806r 87T€0€r kTF

where kp = (37T2Ne)1/3 is the Fermi wave-vector, k:TF:(k:F/aB)1/2 is the inverse of

Thomas-Fermi screening length, and ag = 0.53 x 107 %.mq/m?(Ne) is the effective
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6.3 Analysis of the unintentionally doped InN samples

Bohr-radius. For the effective mass m}(Ne) calculation, the approach proposed by
Schley et al [121] is employed. Schley et al [121] considered the non-parabolic CB of InN

and proposed to use an effective mass m*(V,) described by the following equation [124]:

1 2E.(k)

1 0
m*(Ne)  120°R2N, / dk— o~ f(Ec) - (6.3)

The integral runs from the renormalized gap Eye, over all occupied states in the CB.

The Fermi-Dirac distribution function f(E.) at temperature 7" is described as

f(E:) = E;UC)—EF ; (6.4)

1_|_€ kT

where E.(k) = hw + Ey(k) and Ey(k) are conduction and valence-band energy, re-
spectively. Moreover, Schley et al [121]| proposed to use the renormalized band-gap
(Eren = Ep + Apgr) instead of intrinsic band-gap Ey in the Kane’s two-band k-p
model [125]:

Eren | B?K* 1 h2k?
E.(k) = —— + =/ E2 4Ep — . 6.5

The second component that describes the electron-ion interaction is given by [11]

ABy ;=S (6.6)

Figure 6.5:  Schematic band dia-
gram illustrating the influence of

Momentu m many-particle effects.
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6 Optical properties of InN

The Burstein-Moss shift can be explained as follows: In the degenerated semicon-
ductors, the Fermi level Fr, which depends on the electron concentration Ne, is localized
above the CBM (AFE.(kr)) as it is depicted in Fig 6.5. The electron concentration is

described with an integral

N.= [ sE)DE)E. (6.7)
Eren

where D(E):[k(ﬂiz)}2 : % is a density of states of CB electrons. Due to the conduction
band filling, the absorption occurs near the Fermi wave-vector krp. Under assumption
that T=0 K, all states up to the Fermi level are occupied. According to the Pauli
exclusion principle, the excitation of electrons from the valence band to the conduction
band in the wave vector range 0 < k < kg is forbidden. With increasing a carrier
concentration, an absorption onset shifts to higher energies and occurs at Er(kp). At the
kp, the valence band also makes a small contribution AFEy (kp) to the BMS (AE., (kp) =
AFE.(kp) — AE,(kp) = Ep(kp) — Eren), as it is indicated in Fig. 6.5. The dispersion of
the valence band is assumed to be parabolic and described with the effective mass of
my, = 0.5myg [76]:

h2k?

(k) = 53— .
h

(6.8)

In order to estimate the intrinsic band gap of InN, a self-consistent problem (in-
volving the IR-SE and the imaginary part of the DF-g9 data analysis) must be solved.
The quantities Fyen, Er, AE (kp) and m*(N,) depend on the carrier concentration.
The carrier concentration is determined from the IR-SE analysis by employing the mid-
infrared DF model (presented in Chapter 3, section 3.3) that gives the plasma frequency
wp,j [124]:

9 Nee2

R 6.9
Wp,j €000 m* (Vo) (6.9)

where the averaged effective mass m*(NV,) is calculated from Eq. 6.3 and the high-
frequency dielectric constant e j is estimated from Eq. 3.22 (presented in Chapter 3).
As it is evident from Eq. 6.9, only the ratio No/m*(N,) is determined from the plasma
frequency. Therefore, the problem must be solved self consistently, the IR-SE data
are analyzed together with the imaginary part of the DF (g2) around the band gap
(absorption onset). The imaginary part of the DF is given by

e () ~ ml)g(;r)g / P21 — F(Ee)] % 8(E(k) — By(k) — ho) k. (6.10)
BZ
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6.3 Analysis of the unintentionally doped InN samples

Table 6.2: Obtained parameters for the investigated samples A1, A2, and BO.

Parameter Sample A1 Sample A2 Sample B0
wp (cm™1) 2144 2088 766
Ne (cm™3) 3.1x10  3.0x10Y  3.5x10'8
Eoo(Ne) 6.75 6.88 7.52
m*(Ne)/mo 0.0898 0.0903 0.0717
Ep(kr) (meV) 988 995 743
AE¢y(kr) (meV) 509 498 133
Eien (meV) 479 497 610

A FEgtrain (meV) -26 15 34
Apgr (meV) -180 -178 -7
Ey (meV) 685 660 653

The conduction band non-parabolicity is introduced by using Eq. 6.5. The integration
takes place in reciprocal space (k) in the whole BZ. Figure 6.6(a) and (b) show the IR-SE
measured (dashed black line) and fitted (solid red line) ¥ data for samples Al and BO,
respectively. Figure 6.7 displays the fitted o around the band gap with indicated Ep
positions for samples A1 and B0, demonstrating a good agreement. After solving the
self-consistent problem, the quantities Ne, wp, Eren, AEcy(kr), Apgr, and m*(N,) are
determined, as listed in Tab. 6.2. The transition energy at Fermi wave-vector is found
from

EF(kF) - Eren + AECV(kF)) (611)

where AE¢,(kp) = AFE.(kp) — AE,(kr) denotes the BMS with the CB and VB com-
ponent, AF. and AFE,, respectively. Figure 6.8 shows the transition energy values at
the Fermi wave vector Ep(kr) (determined by solving a self-consistent problem) for
samples A1, A2, and BO (denoted by open triangles) and the theoretically calculated
Eren=Eo+Apcr (with Ey=0.675 eV [13]) and Ep=Fyen + AFEc, (k) values as a function
of carrier concentration. The obtained Er(kr) match well with the calculated values.
The determined carrier concentrations are 3.1 x 10, 3x 10" and 3.5x10'® cm~3 for
samples Al, A2, and B0, respectively, as listed in Tab. 6.2. Positively charged nitrogen
vacancies along dislocations [126] and point defects [127] are considered as sources of high
carrier concentration in the InN material. Consistent with the Raman data (presented
in section 6.2), a larger density of those defects for both InN films on Si substrate seems

likely leading to the one order of magnitude higher electron concentration.
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Figure 6.6: IR-SE experimental and fitted W values for sample Al (a) and sample BO (b).
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6.3 Analysis of the unintentionally doped InN samples

The knowledge of Eien and Apgr allows now to estimate the intrinsic strain-free

band gap that is given by
EO = Eren - ABGR - AEstrairu (612)

The term A FEgain accounts for the band-gap energy shift due to the in-plain biaxial
strain (€;,) and is calculated by applying the k-p model presented in Chapter 2. The
obtained intrinsic strain-free band gaps are 685, 660, and 653 meV for samples A1, A2,
and B0, respectively.

In addition to the gap structure, the characteristic features (peaks and shoulders)
are resolved in the high-energy part of the DF, as observed in Fig. 6.3. This confirms a
good crystalline quality of the InN films. Figure 6.9 compares the imaginary parts of the
isotropic DFs of the investigated samples (represented by red curves) together with the
imaginary part of the isotropic DF of the wurtzite structure InN sample (represented
by dotted curve) from Ref. [121]. The vertical dashed lines indicate the positions of the
critical points of the band structure (their energies amount to 4.81, 5.38, 6.12, 7.95, and
8.57 eV and are denoted as D, Fy, Fo, E3, and Fy, respectively, as was determined in
Ref. [121]). Despite the different strain present in the InN films, no pronounced shift of
the characteristic features in the imaginary part of the DF (i.e., peaks or shoulders) is

observed.

Figure 6.9: Imaginary part of the isotropic
DFs in the high-energy range obtained for
samples A1, A2 and B0. For comparison,
the dotted curve represents the imaginary
part of the isotropic DF for the wurtzite
structure InN sample from Ref. [121]. The
vertical dashed lines indicate the positions
of the critical points of the band struc-
ture, as it was determined from Ref. [121].
For clarity, the curves are vertically shifted
Photon energy (eV) from each other.
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6 Optical properties of InN

6.4 Analysis of the carbon doped InN samples

Secondary ion mass spectroscopy (SIMS) and ion channeling characterizations were
conducted at Evans Analytical Group to determine the carbon concentration (N¢) and
the percentage of the substitutional carbon incorporation in the InN lattice, respectively.
Table 6.3 lists the CBry pressure, the obtained carbon concentration and the content of
the substitutional carbon in the InN lattice for samples C0, C1, C2, and C4. The SIMS
results indicate that the increased CBry pressure increases a carbon concentration (N¢).
For example, the sample C4 grown with CBry pressure of 80 mTorr has one order of
magnitude larger carbon concentration compared to the sample C1 with CBry pressure
of 20 mTorr. The ion channeling analysis has shown that ~90% of carbon atoms are
incorporated on substitutional InN lattice sites.

The isotropic DFs around the band gap for the investigated carbon doped samples
are presented in Fig. 6.10(a). It is observed that for samples with increased carbon
dopant source (CBry) pressure, the absorption onset shifts to higher energies, indicating
an increasing electron concentration. In addition, the SE ellipsometry measurements
were performed in the extended energy range up to 17 eV for samples C0, C2, and
C4 and their determined isotropic DFs are shown in Fig. 6.10(b). The shape of the
DFs above the band gap for all samples have a similar character. The characteristic
peaks and shoulders are observed in the imaginary part of the DF energy range 4-12 eV.
These characteristic peaks and shoulders correspend to the critical points of the band
structure denoted as D, Ey, Es, Es, Ey, Es5, and Eg in Fig. 6.10(b). In the energy range
above 12 eV, only a plateau with a decreasing slope is observed. The imaginary parts
of the DFs (e2) in the range 4.5-9.5 ¢V for samples C0, C2, C4, and Al (investigated
in previous section) are compared in Fig. 6.11. The vertical dashed lines in Fig. 6.11
indicate the positions of the critical points D, Ey, E5, E3, and Ej4, as determined in
Ref. [121]. No significant shift of the characteristic peaks in the imaginary part of the

DF is observed for different samples.

Table 6.3: Carbon bulk con-

Sample | CBry4 pressure N¢c Substitutional carbon :

3 centration Nc and the per-

(mTorr) (Cm ) (%) centage of carbon substitu-

_ 17 tionals in the InN matrix ob-

o 0 3-4x10 88 tained for carbon doped InN

C1 20 4-5%x 107 92 samples C0, C1, C2, and C4.
C2 50 1-2x10'8 92
C4 80 3-4x1018 93
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Figure 6.10: Isotropic DFs near the band-gap region (a) and in the extended energy range
up to 17 eV (b) extracted for the carbon doped InN samples.
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After solving the self-consistent problem (as presented in previous section), the elec-

tron concentration and the intrinsic strain-free band-gap values (listed in Tab. 6.4) were

estimated for the investigated carbon doped samples. According to the summarized

results in Tab. 6.4, the electron plasma frequency (wp) and the electron concentration

(Ne) increase for samples with increasing carbon dopant source (CBry) pressure during

the growth process. As it was explained in previous section, the self-consistent problem

consists of the IR-SE and the absorption onset (g2 around the band gap) analysis. Fig-
ures 6.12(a)-(e) show the IR-SE measured experimental (dashed black curve) and fitted
(solid red curve) ¥ data. Figures 6.12(f)-(j) depict the calculated (solid red curve) and
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Table 6.4: Obtained parameters for the investigated carbon doped InN samples.

Parameter Sample CO Sample C1 Sample C2 Sample C3 Sample C4
CBry (mTorr) 0 5 20 50 80
wp (em™1) 363 391 519 677 783
N, (cm™3) 74x10Y7  87x10'7  1.6x10"™  2.6x10®  3.5x10'®
Eoo(Ne) 7.64 7.63 7.60 7.40 7.28
m*(Ne)/mo 0.066 0.067 0.068 0.070 0.071
Ep(kp) (meV) 645 661 688 715 733
AE¢ (kp) (meV) 35 42 73 110 135
Eren (meV) 610 619 615 605 598
AFEgtrain (meV) 19 22 17 18 27
Apgr (meV) -43 -45 -56 -70 =TT
Ep (meV) 634 642 654 657 648

experimental (dashed black curve) e5. Fig 6.13 shows an electron concentration as a
function of CBr4 pressure. One can observe a linear increase of the electron concentra-
tion by increasing the CBry pressure. Refering to the SIMS data presented in Tab. 6.3,
one can conclude that the carbon doping in the InN material causes an increase of
electron concentration. This experimental result contradicts the results obtained in the
theoretical studies from Ramos et al [115] and Duan and Stampfl [116].

In analogy to the InN samples investigated in the previous section, the transition
energies at the Fermi wave-vector Fp(kp) obtained from the self-consistent problem
solution and denoted by open circles are compared with the calculated Ew(kp) values in
Fig. 6.8. One can observe that sample C0O has smaller Ep(kp) value and deviates from
the theoretically calculated curve. If one compares the absorption onsets for all samples
in Fig. 6.10(a), one can see that the absorption onset is much broader for sample C0. In
Chapter 4 the ellipsometric data modelling example was presented for sample CO. It was
shown that a good ellipsometric data modelling for sample CO was obtained by using a
multilayer optical model with an interlayer containing the Drude oscillator that accounts
for the effects of an interface electron accumulation layer. Perhaps, the sample with a
very low bulk electron concentration and with the present high carrier concentration at
the surface or interface prohibits to obtain an accurate absorption onset leading to lower
Er values and, consequently, to lower intrinsic band-gap Ey. The intrinsic strain-free
band gap values were evaluated to be 634, 642, 654, 657, and 648 meV, for samples CO,
Cl1, C2, C3, and C4, respectively.

62



6.4 Analysis of the carbon doped InN samples

N
w
1
L
o
[O)
.C
e}
—~ Y
8 (@)
) S
o
> >
—
©
£
E_(k_)=715 meV %
t EelKe)=1ome 2.0
) g
X 1.5
1
: 1.0

'C4 o
- ()
1 1 1 1 1 1 1 1 C A | L L L L 00
300 400 500 600 700 800 900 1000 1100 1200 0.5 06 07 08 09 10 11 1.2

Wavenumber (cm™) Photon energy (eV)

Figure 6.12: IR-SE measured (dashed black curve) and fitted (solid red curve) ¥ data (a)-(e)
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6.5 Summary of Chapter 6

The (0001)-oriented InN films sample series grown on Si(111) substrate and carbon
doped InN sample series were investigated by IR-SE and SE. After solving the self-
consistent problem that includes the IR-SE data analysis and the absorption onset
fitting, the carrier concentrations were determined in the investigated samples. Taking
into account the effects of the Burstein-Moss shift and the band-gap renormalization as
well as a strain influence, the strain-free intrinsic band gap of InN was evaluated to be
~0.65 eV. It was shown that by increasing the carbon dopant CBry pressure during the
MBE growth process and, consequently, the carbon concentration in the InN material,

the electron concentration increases.
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7 Optical properties of InGaN alloys

In this chapter, two sets of the (0001)-oriented In,Ga;_,N samples with 0.15<x<0.19
grown by MBE and MOVPE will be investigated. The isotropic DFs are determined in
the energy range from 1 up to 10 eV and the analytical forms of the DFs are presented.
Moreover, the sample with an In content of x=15.2% will be investigated in the extended
photon energy up to 18 eV. The band gaps of the investigated InGaN films are estimated
from the fit of the analytical model to the experimental DFs. The strain induced shift is
claculated by applying the k-p formalism. In the previous studies of Schley et al [121],
the band gaps were determined for In-rich InGaN alloys and the band-gap bowing
parameter of 1.72 eV was estimated. By combining the latter results and the results
obtained in this work for the Ga-rich samples, the strain-free band gap and high-energy
inter-band transition bowing parameters will be proposed. The obtained experimental
bowing curve is in a good agreement with the ab initio data [128|.

Fig. 7.3 and Fig. 7.5 in this chapter are reprinted with permission from Sakalauskas
et al, Physica Status Solidi B, Vol. 249, Page 485, (2012). Copyright 2012, John Wiley

& Sons, Inc.

7.1 Description of the investigated InGaN samples

The MOVPE grown InGaN samples provided by O. Tuna (AIXTRON SE) are denoted
as SX1 and SX2. The InGaN films were deposited on a GaN/sapphire template at
600 mbar pressure with TMIn/TMGa ratio of 3 at 740 C° and 726 C° for samples
SX1 and SX2, respectively. The RF-MBE grown InGaN samples provided by A. Kraus
(TU Braunschweig) are denoted as SB1 and SB2. A sapphire substrate is used with
the MOVPE grown GaN and Alg g5Gag.95N buffer layers, with thicknesses of 2 pm and
1.2 pm, respectively. Prior to the InGaN epitaxy, a GaN buffer layer of approximately
15 nm thickness was deposited in order to prepare a reproducible surface. The growth
details for SB series samples can be found elsewhere [9]. The InGaN layer thicknesses are
47 nm, 49 nm, 56 nm, and 50 nm for samples SX1, SX2, SB1, and SB2, respectively, as

determined by SE. The in-plane lattice parameters obtained from XRD measurements
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are a=3.2249 A and a=3.2311 A for sample SX1 and SX2, respectively. The GaN buffer
lattice parameter is a®*N=3.186 A, which yields a partial relaxation of 10% and 12% for
samples SX1 and SX2, respectively. The InGaN layers for samples SB1 and SB2, with
a—3.1847 A and a—3.1844 A, respectively, are almost fully strained on GaN buffer with
a®N_-3185 A. The In content in the InGaN alloys was estimated from the HRXRD
measurements. A schematic representation of the investigated samples is demonstrated
in Fig. 7.1.

50-56 nm InGaN (MBE)
15 nm GaN (MBE)
1.2 um AlGaN (MOVPE)

47-49 nm InGaN (MOVPE)

~3.5 um GaN (MOVPE)
~2 um GaN (MOVPE)

ALO, (0001) w

sample SB series sample SX series

Figure 7.1: Schematic representation of the investigated InGaN samples.

7.2 InGaN dielectric function and its analytical
representation

Figure 7.2(a) and (b) show real and imaginary parts of the isotropic DF, respectively,
obtained in the photon energy range 1-18 €V at RT for sample SB1 (15.2% In content)
together with a GaN ordinary DF (used for comparison). An absorption onset (imagi-
nary part of the DF around the band gap) for the SB1 sample is red shifted with respect
to a GaN. Due to the Kramers-Kronig relation, the €1 peak also shifts to lower energies
and, therefore, the e; values below the band gap (or refractive index n = /e1) are
higher in comparison with GaN. At higher photon energies the characteristic peaks in
the imaginary part of the DF are observed and they are denoted as E1, Fo, E3, F4, and
FEs5, at the photon energy positions 6.6, 7.6, 8.7, 10.8, and 12.6 eV, respectively. As it
was already mentioned in Chapter 2, the energetic positions of the characteristic peaks
correspond to the inter-band transitions occurring near the van Hove singularities in the
JDOS. The high-energy inter-band transitions Fy, Es, and Ej3 are red shifted, while Fy

and E5 remain almost at the same position with respect to GaN.
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7.2 InGaN dielectric function and its analytical representation

12 T T T T T T T T T T 12 T T T T T T T T T T
— 0,
10l (a) SB1 (15.2%) N
w 10+
& 8f ra)
. o 8Ff
[V
o 6 <
£ al 2 6f
5 g
5 >
g_ 2+ 5 4+
[ =)
& 0 ‘_é’ 2L
‘2' A} v
T R T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Photon energy (eV) Photon energy (eV)

Figure 7.2: Real (a) and imaginary (b) parts of the isotropic DF for sample SB1. The GaN
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Figure 7.3 shows the DFs around the band gap for the investigated InGaN samples
and GaN for comparison. The absorption onset red shifts with increasing In content. By
fitting the obtained experimental DFs with the analytical model (described by Eq. 3.18
and Eq. 3.21 in Chapter 3.2), the band-gap values F of the investigated samples were
estimated. The obtained band-gap values Es (energy splitting between the uppermost
valence band with T') symmetry and the I'’ conduction band) are listed in Table 7.2.
The analytical form of the InGaN DFs together with the experimental DFs are plotted
in Figure 7.4(a) and (b) for samples SB1 and SB2, respectively. The DF analytical

model parameters are listed in Table 7.1.
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Figure 7.4: Experimental DFs (black lines) together with the analytical forms of the DFs
(red circles) for samples SB1 (a) and SB2 (b).

Table 7.1: Fitting parameters for the DF analytical model.

Parameter SB1 (15.2 %) SB2 (18.6 %)
A 1.21 1.42
Ay (eV?) 17.49 44.69
As (eV?) 73.73 32.50
Az (eV?) 135.14 90.66
Ags (eV?) 0.30 0.38
Acs (eV) 0.65 0.75
Ap (eV) 102.4 100.02
E; (eV) 6.71 6.69
By (eV) 7.45 7.70
E5 (eV) 9.67 9.24
Ea (eV) 2.91 2.79
Eg (eV) E4+0.013 E2+0.013
Ep (eV) 14.25 13.38
Ty (eV) 0.047 0.058
I (eV) 0.74 1.41
Iy (eV) 2.37 1.77
I's (eV) 3.96 3.05
I'ps(eV) 0.25 0.29
Fcg (eV) 0.13 0.13
R (meV) 12 15

b -1.38 -1.17

Imaginary part of the DF - ¢,



7.3 InGaN band-gap and high-energy inter-band transition bowing parameters

7.3 InGaN band-gap and high-energy inter-band transition
bowing parameters

First of all, the strain influence on the band gap must be taken into consideration
before evaluating the bowing parameter. The k - p method (described in Chapter 2)
was used to calculate the strain induced band-gap shift AEY™®. The SE measured
InGaN layer thickness dipick, the estimated in-plane strain values €,,, the calculated
strain induced energy shift AE/Sfrai“, and strain-free band-gap values Efflax are listed in
Table 7.2. The large in-plane strain values €,, and, consequently, large strain induced
band-gap shifts (AEZtrain) are obtained for fully pseudomorphically grown SB sample
series. Figure 7.5(a) shows the extracted EX!®* values for the investigated InGaN sam-
ples in this work together with the experimental data for In-rich InGaN from Ref. [121].
Employing the end-point values of ERN=0.675 eV [13] and E§*N=3.435 eV [24], the
compositional dependence can be represented by a strain-free band-gap bowing param-
eter of 1.65+0.07 eV. In addition, the obtained experimental strain-corrected band-gap

values are compared with the strain-corrected band-gap values from the work of Mc-
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Figure 7.5: (a) Experimentally determined band-gap and high-energy inter-band transition
energies (full squares) as a function of In content (x). The data points for In-rich InGaN
alloys were taken from Ref. [121]. For comparison, the experimental band-gap values for
0.05<x<0.36 were taken from the Ref. [129] (triangles), Ref. [130] (stars), and Ref. [131]
(diamonds). (b) the experimental band-gap bowing curve is compared with the ab initio
data for uniform (full circles) and clustered (open circles) alloy from Ref. [128] as well as
with the DFT+HSEO06 calculated band gap (open trinagles) from Ref. [132].
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Cluskey et al. [129], Pereira et al. [130], and Kudrawiec et al. [131], as it is indicated
in Fig. 7.5(a) by triangle, star, and diamond symbols, respectively. All the compared
experimental data show good agreement with the obtained experimental bowing curve.

The experimental bowing curve determined in this work is consistent with the
ab initio calculated band-gap values for uniform (not clustered) InGaN alloys [128], as
demonstrated in Fig. 7.5(b) (full circles). The calculated values for clustered materials
(indicated with open circles in Fig. 7.5) are always much lower than for an uniform distri-
bution. In addition, the band-gap values (expressed with respect to the average valence
band) from the the work of Moses et al. [132], obtained by using the density functional
theory (DFT) calculations with the HSE06 hybrid exchange-correlation functional, are
presented by triangles in Figure 7.5. The DFT+HSEOQO6 calculations show good agree-
ment in the In-rich region, while in the Ga-rich region the theoretical values are slightly
below the experimental bowing curve, since the GaN band gap of 3.23 eV was used in
the DFT calculations. Moses et al. [132] proposed to use a compositional dependent
bowing parameter and made calculations at speci fic alloy compositions: b=2.29 eV for
x=6.125% and b=1.79 eV at x=12.5%. If one calculates the band-gap values for the same
alloy compositions x=6.125% and z=12.5%, by employing the mentioned theoretically
calculated bowing parameters (b=2.29 eV and b=1.79 eV) and using the end-point val-
ues of ERN=0.675 eV [13] and E§*N=3.435 eV [24], and compares the values calculated
with the experimental bowing parameter 1.65 eV, one can observe that the differnce
between the latter is only 37 meV and 15 meV, respectively. With the knowledge that
GaN exciton binding energy is ~20 meV [133], one can make an error within 20 meV for
Garrich InGaN alloy by estimating experimentally the excitonic transition and not the
band-to-band transition. The composition estimation in the alloy, the strain-correction
estimation of the band gap can also contribute to the experimental error of several
mili-electronvolts.

However, very often the InGaN epilayers are grown fully-strained on the GaN.

Therefore, it is useful to know the band gap for the fully strained material. Assum-

Sample dirs € E A Jstrain prelax Table 7.2: InGaN sample layer
P thick e A A A thickness in-plane strain €., band

nm x1072 (eV) (meV) (eV) gap Ea determined by SE, strain

SX1 (15.9%) 47  -0.61 2.84 46 9.79  induced energy shift ABZ™", and
strain-free band-gap value E}'**.

SX2 (17.9%) 49  -0.64 281 47 2.76

SB1 (15.2%) 56  -1.77  2.91 132 2.78

SB2 (18.6%) 50  -2.08 279 154 2.64
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7.3 InGaN band-gap and high-energy inter-band transition bowing parameters

ing that GaN buffer layer is fully relaxed (a$*N=3.1894 A [74]) and InGaN epilayer
with 0 < 2 < 0.2 is fully strained on the GaN, the band gap is calculated as

EAsAtrain — Ezelax +0.79 x x, (71)

where EX8X = 0.675 x  + 3.435 x (1 —2) — 1.65 x z x (1 — z).

The high-energy inter-band transitions were evaluated by using the third derivative
method as described in Ref. [134]. Figure 7.6 shows experimental (solid lines) and fitted
(open circles) third derivative of £1 x E?, e9 x E? for sample SB1. The high-energy inter-
band transitions obtained from the third derivative method for sample SB1(SB2) were
obtained to be 6.62 eV(6.52 €V), 7.59 eV(7.54 eV), and 8.74 eV (8.66 eV) for transitions
FEy, Es5, and Es, respectively. In addition, the transition D for sample SB1 was obtained
to be 5.88 eV. The transition energies F; and FE5 obtained from the third derivative
method are in a good agreement with a values obtained from the DF model fitting (listed
in Tab. 7.1). The high-energy inter-band transitions bowing parameters were estimated
to be 1.09, 1.06, 0.99, and 1.04 eV for transitions D, Fy, Eo, and FEs, respectively. As it
was demonstrated in Chapter 6 for the InN material, no strain induced shift is observed

on the high-energy inter-band transitions.

d’/dE* e E*) expt. ]
—— dY/dE’¢ E’) expt.

o d°/dE’ e E) fitted ]
E o dIdE (e E) fitted 1

d’/dE’(e,E?), d°/dE(,E”) (a.u.)

55 60 65 70 75 80 85 90 Figure 7.6: Experimental (solid lines) and
Photon energy (eV) fitted (open circles) third derivative of 1 X
E? and g2 x E? for sample SB1.

Moreover, the PLL measurements were conducted by using an excitation wavelength
of 337.1 nm and excitation power of 200 kW /cm? on the samples SX1 and SX2 at room
temperature. The PL data were provided by the research group of prof. G.P. Yablonskii
from Stepanov Institute of Physics, National Academy of Science Belarus. The PL

intensities of the investigated samples as a function of photon energy are shown in
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Fig. 7.7. One can observe that PL intensity is weaker and the PL curve is broader for
sample SX2 with respect to the sample SX1. The PL peak values (Epr,) were determined
to be of 2.82 eV and 2.77 eV, respectively. According to the optical selection rules for
wurtzite structure semiconductors with a positive crystal-field splitting energy (Aq>0),
a transition from the topmost valence band (I'§) to the conduction band (I'$) is strongly
allowed for configuration E_lc, as it is shown in Fig. 7.8. Therefore, if the PL peak value
corresponds to the band-to-band transition from the conduction band to the topmost
valence band, the transition energies obtained from the SE and PL should be the same
(if where is no strong compositional fluctuation in the alloy). Indeed, the obtained Fa

(listed in Tab. 7.2) and E'py, values for samples SX1 and SX2 are very close to each other.
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7.3 InGaN band-gap and high-energy inter-band transition bowing parameters

In addition, the sample SX1 was investigated by using a confocal scanning laser
microscopy. The confocal microscopy is useful technique to investigate the submicron-
scale spatial inhomogeneities of PL intensity and spectra that allow to observe band
edge inhomogeneities of InGaN alloys [135,136]. The spatial inhomogeneities of optical
properties are caused by fluctuations of the In content in the InGaN alloy [137-139] and
the carriers created by a photo-excitation or an electron injection are localized in the
In-rich areas [140,141]. Fig. 7.9(a) and (b) show the spectral-integrated PL intensity
mapping and the peak wavelength mapping, respectively, obtained by using a confocal
scanning laser microscopy for sample SX1. It is observed that bright peaks corresponding
to a higher intensity in Fig. 7.9(a) correlates well with the longest wavelength (red-yellow
areas) in Fig. 7.9(b). The separate PL peak intensities at positions 1 and 2 (as denoted
in Fig. 7.9) are shown in Fig. 7.10. The PL peak position at point 1 is at ~510 nm,
while the peak position at point 2 is at ~480 nm.

4000 CCD cts 525 nm

400 CCD cts

(b)

Figure 7.9: Spectral-integrated PL intensity mapping (a) and peak wavelength mapping (b)
obtained by confocal scanning laser microscopy for sample SX1.

PL intensity (a. u.)

P

'm 1 A A " ek
400 425 450 475 500 525 550 575 600 625 650  Figure 7.10: PL intensities at point 1 and
Wavelength (nm) 2 for sample SX1.
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7.4 Summary of Chapter 7

The (0001)-oriented In,Gaj_,N samples with 0.15<x<0.19 were investigated and the
isotropic DFs were determined in the energy range 1-10 eV. Moreover, the In,Ga;_,N
sample with an In content of 15.2% was investigated in the extended energy range 10-
18 eV and the critical points of the band structure were observed. The analytical form
of the DFs in the energy range 1-10 eV was presented. The band-gap and the high
energy inter-band transitions were determined from the fit of the analytical model to
the experimental DF. The strain influence on the band gap was calculated using the
k-p method. The strain-free band gap bowing parameter was evaluated to be 1.65 eV
and the high-energy inter-band transitions were estimated to be ~1 eV. The obtained
experimental band-gap values from the SE measurements were supported with the ab

initio data.
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8 Optical properties of AlInN alloys

In this chapter, the AlInN alloy films nearly lattice matched to GaN will be investigated.
The isotropic DFs and their analytical representations of the investigated samples are
obtained in the photon energy range 1-10 eV. The band-gap values and high-energy inter-
band transitions are estimated from the fit of the analytical model to the experimental
DFs. In previous studies of the In-rich AlInN alloys, Goldhahn et al [142] determined
the band-gap values, which are in excellent agreement with the values from the work of
Jones et al [143], and estimated the bowing parameter of 4 eV. By combining the latter
results and results obtained in this work, the composition dependent bowing parameter
permitting to describe the AlInN band gap in the whole compositional range will be
presented. The extension of the studies towards higher energies (above 10 €V) is also
of strong interest. Cobet et al [98] determined the DFs of hexagonal GaN up to 20 eV
by applying the SE with synchrotron radiation (BESSY II) and detected the features
attributed to the critical points (CPs) of the band structure above 10 eV. Schley et al |7]
analysed the hexagonal InN in the photon energy range 0.56-15 eV and also observed
several CPs in the range above 10 eV. Therefore, it is expected to detect CPs for the
investigated AlInN alloys above 10 eV. The determination and interpretation of the DF
in the range extended up to 18 eV is presented. In the last section an a-plane AlInN
sample will be investigated. The c-axis of the non-polar sample is on the surface plane,
therefore, by measuring the sample by SE at two different configurations (i.e., the c-axis
perpendicular to the plane of incidence and c-axis parallel to the plane of incidence),
both ordinary and extraordinary DFs can be extracted.

Figures 8.2, 8.3, 8.4, 8.6, and 8.13 as well as Tables 8.2 and 8.4 are reprinted with
permission from Sakalauskas et al, Journal of Physics D: Applied Physics, Vol. 43,
Page 365102, (2010). Copyright 2010, IOP Publishing Ltd. Figure 8.5 is reprinted with
permission from Sakalauskas et al, Physica Status Solidi A, Vol. 208, Page 1517, (2011).
Copyright 2011, John Wiley & Sons, Inc. Figures 8.14 and 8.15 as well as Table 8.5
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8 Optical properties of AlInN alloys

8.1 Description of the investigated AllnN samples

Two sets of AlInN samples are investigated. The first set provided by H. Behmenburg
(AIXTRON SE) consists of samples labeled as SA1, SA2, SA3, and SA4 with 14.3%,
17.5%, 19.0%, and 22.8% In content, respectively. The hexagonal (0001)-oriented AlInN
epilayers were deposited by MOVPE on sapphire substrates with 3.5 um GaN buffer
layer by varying the temperature from 715 °C to 795 °C. The measured AlInN layer
thicknesses by SE and XRD ranges from 73 to 80 nm.

The second set provided by M. Wieneke (OvGU Magdeburg) consists of samples
labeled SI1 and SI2. The AlInN epilayers were grown by MOVPE on Si(111) substrate.
The MOVPE growth started as follows: an AIN seed layer, a high-temperature AIN layer,
a GaN buffer layer, a low-temperature AIN layer dedicated for strain compensation, a
900 nm thick GaN buffer, and finally an AlInN layer. The growth conditions of the
alloys are described in detail in Ref. [144]|. The layer thicknesses amount to 48 and 54
nm, as determined by SE.

In addition, the non-polar AllnN sample provided by M. Wieneke (OvGU Magde-
burg), denoted as SN, was grown by MOVPE on r-plane sapphire substrate leading to
an a-plane (|11-20]) orientation of nitride films. Before growing the GaN buffer layer, a
~65 nm thickness AlGaN nucleation layer was deposited on the substrate at 1145 °C
with TMGa and TMALI flows of 5 and 15 sccm, respectively. The GaN buffer layer was
grown at 1065 °C with TMGa flow of 25 sccm. The epitaxy of AlInN layer was car-
ried out at 780 °C with TMAI and TMIn flows of 80 and 400 sccm, respectively. The
NHj3 flow was kept constant at 500 sccm during all growth processes. The AlInN layer
and the GaN buffer layer thicknesses were determined by SE to be 49 nm and 2 pm,
respectively. The scanning electron microscopy characterization was performed and the
AlInN layer thickness of ~45 nm was estimated which is in good agreement with the
value determined by SE.

The schematic representation of the investigated samples is sketched in Figure 8.1.

8.2 Structural properties of the investigated AliInN samples

The structural properties of the films were examined by a high-resolution X-ray diffrac-
tion (HRXRD). Detailed XRD measurements (symetric diffraction of (0002) planes and
grazing incidence in-plane diffraction of (10-10) planes) were performed by the growth

groups in order to determine the lattice constants and mosaicity of both the AlInN
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48-54 nm AllnN
900 nm GaN
15 nm LT-AIN
72-80 nm AllnN 45 nm AlInN (11-20)
600 nm GaN:Fe
2 um GaN (11-20)
3.5 um GaN HT-AIN —
AIN-seed-nrrl 65 nm AlGaN (11-20)
AlL,O,(0001) -
- Si (111) ALO,(1102)
\/—/ \/\/
sample SA series sample Sl series sample SN

Figure 8.1: Schematic representation of the investigated AlInN samples.

films and the GaN buffer layer for sample SA and SI series. Figure 8.2(a) shows the
experimental and simulated data of symmetric diffraction (0002) for sample SA1. The
reciprocal space maps of the (10-15) reflection for the SA sample series are shown in
Figure 8.2(b). The AllnN and GaN peaks are aligned in the @), axis, indicating that
AlInN is pseudomorphically growm on a GaN buffer.

The XRD measurements were used for an In content determination. The Vegard’s
law is assumed for alloys lattice parameter interpolation. The GaN lattice parameters
of a=3.183 A and ¢—5.189 A are found for the films on a sapphire substrate indicating
a slight compressive in-plane strain which is typical for the growth on this substrate.
Mosaic twist and tilt amount to less than 0.1° emphasizing good quality of the layers.
The films on Si(111) exhibit, in contrast, a weak tensile strain as indicated by the lattice
parameters of a=3.193 A and ¢=5.182 A.

—— experimental
—— simulation

10°F Qz y

¢

Intensity
_O:.

32 33 34 35 36 37 '
20/o (degree) Qx

Figure 8.2: (a) Experimental and simulated data of symmetric diffraction (0002) for sample
SA1 (14.3%); (b) Reciprocal space maps of the (10-15) reflection for SA sample series.
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8 Optical properties of AlInN alloys

The In content in the non-polar Al;_,In,.N sample SN was also evaluated from X-
ray diffraction measurements. The measured GaN buffer layer lattice parameters were
aGaN — 3.1922 A, mGaN — 27572 A, and ¢G2N — 51782 A while the strain-free lattice
parameters are a5®N = 3.189 A and ¢§*N=5.185 A [145]. The measured AlInN lattice pa-
rameters were a*™N=3.1934 A, mAIN_9 7588 A, and ¢AMN—5 1758 A as determined
by high resolution X-ray diffraction at the symmetric (11-20) Bragg reflection, and
grazing incidence in-plane X-ray diffraction at the (1-100), and (0002) Bragg reflections,

élInN and CS"HHN

respectively. The strain-free AlInN lattice parameters q are extrapolated
linearly from the binary InN and AIN lattice parameters: af™N = al'N. 2z +af™N - (1—2)
and N = "N g 4 AN (1 — ). The strain free-lattice parameters for InN and AIN:
al’N—3.537 A [146] and f'N=5.703 A [146], a}™N=3.112 A [145] and }'™N=4.982 A [145].
The elastic stiffness constants C%HnN (1=1,2,3; 7=1,2,3) for AlInN alloy are also derived
linearly from the binary InN and AIN elastic stiffness constants. The InN elastic stiff-
ness constants C3N = 223 GPa, CI8N = 115 GPa, CI3N = 92 GPa, and C}3N = 224 GPa
were taken from Ref. [146,147], while AIN elastic stiffness constants C/ﬁlN = 411 GPa,
CMN = 149 GPa, CMN — 99 GPa, and C44N — 389 GPa were taken from Ref. [148].

The strain in the AlInN layer is evaluated by using the following equations:

GAIIN _ aOAHnN

€rz = €a = AN (8.1)
0
mAlInN o mgxlInN (8 2)
€Eyy = €Em = .
yy = €m mOAlInN
CAIInN _ COAHnN
€2 = €= LN (8.3)
0
Assuming that the stress 0,,=0 in the growth direction and solving the equation:
AllnN AllnN AllnN
Ogyx — Cll . Exx + 012 i, Eyy + 013 i, €z, (84)

the In content x~20% was obtained. The obtained strain in the growth direction (out-
of-plane) is €;; = —1.1 x 1073, while the in-plane strain mounts to €yy = —3.6 X 1073,
and €., = 9.6 x 1073 with x, y, and 2z being parallel to the [11-20], [1-100], and [0002]
directions, respectively.

A smooth surface morphology, which is essential for the accuracy of the SE results,
was revealed by AFM measurements (provided by the growth groups). Scans of 5x5 jim?

area for the first set of samples and 10x10 pm? for the second set of samples were

78



8.3 AlInN dielectric function and its analytical representation

Sample surface roughness (nm) | alloy thickness (nm)  raple 8.1 Values for the
surface roughness and the
AFM SE XRD SE AlInN layer thickness as
determined by AFM, SE,
SA1 (14.3%) 1.1 2.0 72 73 and XRD.
SA2 (17.5%) 1.2 2.2 75 74
SA3 (19.0%) 1.4 2.4 78 77
SA4 (22.8%) 1.4 3.6 80 80
SI1 (17.4%) 2.1 6.2 47 48
S12 (24.2%) 1.4 1.9 99 54
SN (20.0%) 2.5 4.2 - 45

performed. The root-mean square (rms) roughness values are summarized in Tab. 8.1.
They range typically between 1.1 and 1.4 nm, only sample SI1 showed a slightly higher
value of 2.1 nm which is not critical for the ellipsometry studies. The surface roughness
for SN sample was obtained to be 2.5 nm. In addition, the surface roughness obtained
from SE simulations together with the AlInN epilayer thickness determined from XRD
and SE are listed in Table 8.1. The obtained layer thickness from both characterisation

techniques are in excellent agreement.

8.3 AlInN dielectric function and its analytical
representation

First of all, optical selection rules will be considered prior to the interpretation of the
DF. It starts from the VB ordering around the I' point of the Brillouin zone and the
symmetry of the wave functions. As it was discussed in Chapter 2, crystal field (Acf)
and spin-orbit interaction (Ag,) split the VB maximum into three two-fold-degenerate
VBs with I'y, I'Y_, and I'y, symmetry. The energy difference I'; — I'§ = E for strain-
free material is used as a reference point for the analysis of inter-band absorption. This
definition is essential, because the compositional dependence of transition energies is
considered. InN has a spin-orbit energy of 5 meV and crystal-field splitting energy of
19 meV [149]. The AIN has a slightly larger spin-orbit energy of 16 meV and a large
negative crystal-field splitting energy of -212 meV [30]. It is important to emphasize
that the sign of crystal field energy inverts the valence band ordering as it was shown in
Chapter 2, in Fig. 2.2. Therefore, the band crossing will occur for In,Al;_,N alloy at
A=0 eV (approximately at =0.92, if a linear crystal-field splitting energy interpolation
is used). The transitions from I'§ valence band to the I'S conduction band (labeled A)
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8 Optical properties of AlInN alloys

and from I'Y_ to I'S (labeled C) exhibit strong relative oscillator strengths only for the
configuration E 1L c. Thus, by measuring c-plane AlInN samples with an ellipsometer
(almost E 1 ¢), these transitions will dominate the optical response. In contrast, the
transition from I'y to I'; (labeled B) is strongly allowed only for the configuration E||c.
The transition B stems from the topmost valence band, but its oscillator strength is
weak for the configuration E 1 c.

The obtained isotropic DFs of samples SA1, SA2, SA3, and SA4 in the spectral
range from 1 to 10 eV are shown in Fig. 8.3. Pronounced features attributed to the
critical points of the band structure are found in the high-energy range of €. They have
a strong impact on the dispersion of 1 at lower energies. For the second set of samples
(AlInN/Si(111)), data are only available for the range from 1 to 6.42 eV. Figure 8.4(a)
and (b) show the results around the band gap for the AlInN /sapphire and AlInN/Si(111)
samples, respectively. It is clearly seen that with increasing In content, the absorption
onset (imaginary part of the dielectric function - €3) redshifts. Following the Kramers-
Kronig relation, the 1 peak also shifts to the lower energies. Fig. 8.4(b) also shows the
DF of AIN for comparison. The In,;Al;_,N sample SA1 with In content of 14.3% was
investigated in the extended energy range. The isotropic DF of sample SA1 in the range
1-18 €V is shown in Figure 8.5(b). The appearing features (e.g., peaks or shoulders)
in the shape of the DF components €; and €9 are related to the inter-band transitions
due to the peculiarities of the joint density of states in the vicinity of CPs of the band
structure [150]. Three critical points are observed in the 7-10 eV range. In the 10-14 eV

V77777710
8l _—
w
Y 6 LDL
) 6 o
o =
£ 4 5
b — SA1 (14.3 %) t‘
L (]
T -- SA2 (17.5 %) 4 8
8 2} —sA3(19.0%) -
T | -- SA4(22.8%) =
& 2 2
0r E

_2 | . 0

Figure 8.3: Real and imaginary parts of
Photon energy (eV) the isotropic DFs for the SA sample series.
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Figure 8.4: Isotropic DFs of AlInN around the band gap: for AlInN/sapphire samples (a)
and AlInN/Si(111) samples together with data for AIN (b). Ordinary DF of AIN used for
comparison is taken from Ref. [77].

range, the broad shoulder in €2 and broad peak in 1 are observed and in the 14-18 eV
range, the decreasing plateau in €5 and broad shoulder in €; are observed. Following
the method as presented in [134] the CPs denoted Ey, E5, and Eg were evaluated to be
~10.6 eV, ~12.5 eV, and ~14.2 eV, respectively. For comparison purpose, the isotropic
DF of InN and ordinary DF of AIN [77] are also provided in Fig. 8.5(a) and Fig. 8.5(c),
respectively. The CPs of the band structure for the InN are present in the range from
4-12 €V, as it is indicated by arrows in Figure 8.5(a). In the AIN case, three CPs are
observed in g9 below 10 eV. Above 10 eV, the theoretical €5 data [151] calculated using
a first-principle technique, which includes the electron-hole interaction, is provided.

By fitting simultaneously experimentally obtained real and imaginary parts of the
DF with the analytical expressions (Egs. 3.18-3.21, described in Chapter 3.2), it is
possible to determine the band-gap energies E4 and high-energy inter-band transitions
Ey, Es and Fj3. The fitting parameters for Eq. 3.18 and Eq. 3.21 are listed in Tab. 8.2.
The difference between transition energy Ea and FEc was kept fixed at 13 meV, which
corresponds to the linearly interpolated spin-orbit splitting energy at x=0.18. The
critical point energies E1, Fo, and F3 obtained by fitting the analytical DF model are
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Figure 8.5: Isotropic DFs for (a) InN
and (b) Aly_;In,N alloy with 2=14.3%
(solid line) as well as (c¢) ordinary DF for
AIN (1-10 eV) [77] together with the the-
oretical €5 in the extended energy range
9-18 eV [151]. Arrows indicate the CPs
Photon energy (eV) of the band structure.

in good agreement with the energies determined from the third derivative method [134]
(summarized in Tab. 8.3 for the AlInN/sapphire sample set). The experimental and
calculated (using the Eq. 3.18 and Eq. 3.21 and parameters from Tab. 8.2) complex DF
as well as complex index of refraction for sample SA1 are shown in Fig. 8.6(a) and (b),
respectively.

SE measurements for the AlInN/Si(111) sample set were conducted only up to
6.4 eV. The transition energy F, (transition from I'§ valence band to the I'S conduc-
tion band) values of 4.34 eV and 3.85 eV were determined for samples SI1 and SI2,

respectively.

8.3.1 Strain influence on the band gap energy

The strain influence on the band gap must be taken into consideration before evaluating
the bowing parameter for the AlInN alloys. A six-band k-p model [70] is used to calculate
the strain influence. The k-p parameters used for the calculations are presented in
Chapter 2, in Table 2.1.
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8.3 AlInN dielectric function and its analytical representation

Real part of DF - g4

Table 8.2: Fitting parameters for the DF analytical model.

Sample SA1 (14.3%) SA2 (17.5%) SA3 (19.0%) SA4 (22.8%)
Ay 1.24 1.08 1.05 0.99
Ay (eV?) 44.85 43.63 42.74 43.31
As (eV?) 37.01 50.13 47.84 55.82
Az (eV?) 70.76 79.52 74.84 82.98
Ags(eV?)  5.8x1073 1.5x10~2 9.2x1073 0.46
Acs(eV) 1.5 1.26 1.33 0.78
Ap (eV) 158.05 189.02 172.88 270.09
E; (eV) 7.42 7.37 7.33 7.30
By (eV) 8.20 8.20 8.17 8.20
E5 (eV) 8.94 9.06 9.07 9.21
Ea (eV) 4.57 4.35 4.30 4.04
Ec (eV) E4+0.013 EA+0.013  Es+0.013  E4+0.013
Ep (eV) 15.54 15.33 15.45 16.27
Lo (eV) 4.4x1072 4.4x1072 5.2x1072 5.4x1072
I (eV) 1.21 1.27 1.33 1.41
Iy (eV) 1.31 1.47 1.52 1.65
I's (eV) 1.89 2.07 2.15 2.33
I'ps(eV) 3.3x1072 0.13 0.13 2.78
Tcs (eV) 0.1824 0.20 0.28 0.19
R (meV) 29 31 35 17
b -1.9 2.7 -2.2 -4.18
e T ; 10 33— ——1——7— : 21
~ ZilpC:rlﬁrt\Zital 1 3.0 _ (b) _ ;irs:ier‘;eeital —41.8
48 o
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Figure 8.6: Experimental and calculated complex DF (a) and complex index of refraction
(b) of sample SA1 (In content 14.3 %).

calculated from the k-p model

around the I' point of the Brillouin zone, transition energies Es obtained from the DF
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Figure 8.7: Experimental band-gap Ex val-
ues (full circles) obtained from SE for SA
sample series. The black solid line repre-
sents the linear fit of the experimental data
values, while the red dashed line represents
the calculated strain-free band-gap values.

influenced by strain), and strain-corrected band-gap E'¢2* = F, — AEST@I yalues are
Y gap Ly A

summarized in Table 8.3. The following should be noticed. Pseudomorphic AlInN films

with low In-content experience tensile strain leading to a red-shift of the experimental

data for the Fa transition. For high In-content, a strain-induced blue shift is found

to be up to ~65 meV for the layers studied here.

It is obvious that this effect has

to be taken into account for determining the strain-free band-gap bowing parameters.

Figure 8.7 shows the experimental band-gap Ea values (full circles) determined by SE

for sample SA series. The solid black line is a linear fit of the experimental values. The

red dashed line represents the calculated band-gap values for the relaxed material. For

Table 8.3: Estimated band

strain relax
Sample 2 AEA EA B By Es gap FEa, calculated strain
(eV) (meV) (eV) | (eV) | (eV) | (V) induced band-gap shift
strain :

SAL (14.3%) | 4.57  -26 460 | 7.40 | 811 | 8.81 AFA™", strain-free band
gap EX™ and estimated

SA2 (175%) 4.35 9 4.34 7.31 8.15 8.80  critical point energies Fi,

SA3 (19.0%) | 4.30 25 427 | 728 | 8.12 | 8.80 P2 and Es (from third
derivative method).

SA4 (22.8%) | 4.04 65 3.98 7.18 | 8.08 | 8.79

SI1 (17.4%) 4.34 -18 4.36 - - -

S12 (24.2%) 3.85 54 3.80 - - -
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8.3 AlInN dielectric function and its analytical representation

the SA sample series with a GaN buffer layer having a lattice constant of a=3.183 A, the
AlInN layer would be lattice matched at ~17%. Below or above 17% the layer becomes
tensile or compressive strained, respectively. In the tensile (compressive) strain region
measured experimental band-gap values are smaller (larger) in comparison with the

values for the relaxed material.

8.3.2 AlInN alloy band-gap and high-energy inter-band tran  sition bowing
parameters

In order to evaluate accurately a band-gap Ea (transition I'§ —1I'$) bowing parameter,
experimental data in a wider compositional range are needed. In addition, the data
determined by SE from the work of Goldhahn et al [142] for the In-rich AlInN alloys
and AIN were employed. The strain-corrected band-gap values Efflax for AlInN samples
together with the experimental data points obtained for the AIN, the InN and the In-
rich AlInN alloys [142] are shown in Fig. 8.8(a). The fitted bowing parameter (ba)

Energy (eV)
Energy (eV)

n n 1 n 1 n n 1 n 1 n
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

1 n 1 0 1 n 1

Indium content x Indium content x

Figure 8.8: Experimental band-gap energies of Ali_xInxN as a function of In content: (a)
The blue solid curve represents the bowing curve with a bowing parameter of 4 eV obtained
for In-rich AlInN alloys from the work of Goldhahn et al [142], while the red solid curve
represents the bowing curve with a bowing parameter of 5.36 eV by fitting all data points,
i.e., obtained in this work (quadrates) and in the work of Goldhahn et al [142] (diamonds); (b)
bowing curve obtained by fitting the experimental data (denoted by quadrates and diamonds)
with a compositional dependent bowing parameter ba (z). The data points for InN and AIN
were taken from Ref. [142] (denoted by diamond symbols). For comparison, the experimental
data points from the work of Jones et al [143] for In-rich AlInN alloys were also included
(denoted by open circles).
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for the transition energy Ej4 yields a value of 5.36 & 0.36 ¢V (with endpoint energies
of E™N = 0.675 ¢V for InN [13] and EAN = 6.24 ¢V [30] for AIN). This obtained
value is consistent with the value of 5.3 eV obtained in Ref. [152| and the value of
4.96 + 0.28 eV obtained in Ref. [153] within the error interval. Goldhahn et al [142]
fitted the data points in the In-rich region and obtained the bowing parameter of 4 eV
(the bowing curve for by =4 eV represented with a blue line in Fig. 8.8). For comparison,
the transition energy Ea values from the work of Jones et al [143| obtained by modeling
optical absorption data for the high quality AlInN samples are represented with the
open circles in Fig. 8.8(a).

One can observe that the fitted band-gap curve with a bowing parameter of 5.36 eV
does not describe well the experimental data points in Fig. 8.8(a). Therefore, to have
a better agreement between the experimental band-gap data and fitted bowing curve, a

new empirical expression is proposed:
EAIN — pIoN o BAN (1 —2) —bp - (1 —2) - 2, (8.5)

where a bowing parameter by is expressed as a non-linear function of In content (x):

A

ba=0a@) = e

(8.6)

The fitted Eq. 8.5 to the experimental strain-corrected band-gap data points (Ej)
yielded the parameters A=6.244+0.13 eV and C'=1.134+0.14. As it is clearly seen in
Fig. 8.8(b), the composition dependent bowing parameter describes much better the
experimental band-gap values E5. The experimental AlInN band-gap bowing curve to-
gether with the calculated ab initio data for uniform (not clustered) AllnN alloys from
the work of Gorczyca et al [128] are compared in Fig. 8.9. The obtained bowing param-
eter ba (z) ranges from 2.93 to 6.24 €V and yields the value of 4.87 eV for x=0.5, which
is in good agreement with the ab initio calculated bowing parameter for the uniform
(not clustered) AlInN case, which ranges from 2.1 to 6.2 eV, and is equal to 4.4 €V for
x=0.5 [128].

Moreover, the PL measurements were conducted by the research group of prof. G.P.
Yablonskii (Stepanov Institute of Physics, National Academy of Science Belarus) on
the AlInN /sapphire sample series with slightly different In contents (13.5%, 16.7%, and
19.2%). PL measurements were conducted at RT by using 5" harmonic of Nd:YAG laser
with Aexe=213 nm and Iox.—1.7 MW /em?. Additionally, the PL data for the In,Al; N

samples with =0 and for £>0.7 are employed from the work of Kamimura et al [154].
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8.3 AlInN dielectric function and its analytical representation

The PL peak energies from Kamimura work were obtained from the AlInN columns,
therefore no residual strain was present. The AlInN films with 13.5%, 16.7%, and
19.2% were pseudomorhically grown on GaN /sapphire substrates, therefore, the strain
correction must be done. After k-p calculations, it was found that a strain induced
shift for transition B (AEH) is -92 meV, ~0 meV, and 72 meV, for samples with In
composition 13.5%, 16.7%, and 19.2%, respectively. Using the expresion EXa*=Fp, —
AE]S_erain the strain corrected PL peak values were obtained and presented in Fig. 8.10
together with the strain-free band-gap values (Ej) obtained from SE. One can note
that PL values are slightly below SE values. Refering to the valence band splitting,
ordering and optical selection rules in the wurtzite structure semiconductors, as it was
disscused in Chapter 2, and assuming that PL peak corresponts to the band-to-band
transition from the conduction band to the topmost valence band, a simple schematic
representation of the transitions for AlInN with a negative crystal field splitting energy
(A¢t < 0) can be done, as it is shown in Figure 8.11. One must note that from the SE
measurements, the transition energy is evaluated from the absorption onset, therefore
the determined transition value for the alloy (which normally possesses the composition
fluctuations) will correspond to the average value. Here, the investigated samples are
(0001)-oriented, therefore, only the transition A and C will be detected from the SE
measurements. If the alloy composition fluctuations are not very large, one can expect
that the PL band-to-band peak value should be very close to the transition B. The

difference between transitions A and B is denoted as AExp. In previous studies, the

7 T T T T T T T T T T T
expt. bowing curve b, (x)
Y ab initio data ]

Al_InN

Energy (eV)

Figure 8.9: AlInN band-gap experimental
values and experimental band-gap bowing
| ) | ) | ) | ) | ) | curve with a composition dependent bow-
0.0 0.2 0.4 0.6 0.8 1.0 ing parameter ba(z) compared with the
ab initio calculated data for uniform AlInN

Indium content x alloy from the work of Gorczyca et al [128].
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) employed from Ref. [142] and Ref. [154],
Indium content x respectively.

NG o L

Eic Ellc Eic Figure 8.11: Schematic representation of
the transition energies for the wurtzite semi-
conductor with negative crystal-field split-
N7 y ting energy Ac<0. Transitions A, B and
AN\ AN b /\ I 7 C represent the transitions allowed for the
configurations Ele, FEle¢, andE e, re-
spectively.  Transition PL indicates the
band-to-band transition from the CB to

A T\ - Y AN T the topmost VB. The horizontal dashed
e ~ 9 lines represent the average level of the CB
v or VBs for the alloy with a compositional

J/ \\//\\/’\\/'\/\ r 7_  fluctuations.

optical anisotropy was investigated and the splitting between the transitions A and
B were determined to be ~—210 meV [30,77] and ~25 meV [68|, for AIN and InN,
respectively. By using the interpolation for the determined splitting values for AIN and
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8.3 AlInN dielectric function and its analytical representation

InN and introducing the bowing factor of 0.83 eV [5], it is possible to determine the

AFEap in the whole compositional range. Now, the transition Fg can be expressed as
ESHHN — EﬁlInN + AEanN (87)

where ER™N is expressed by Eq. 8.5 and AELE™ = —0.21 x (1 — x) +0.03 x = —
0.83 x  x (1 — x). The calculated curve of the transition Ep is shown in Fig. 8.10
and describes well the PL data from Kamimura et al [154]. However, the PL data for
the pseudomorphically grown AlInN films are slightly below this curve (possibly due
to strong composition fluctuations in the alloy; no spacial resolution PL studies were
performed on these samples).

By using the determined high-energy transitions from the work of Goldhahn et al
[142| for In-rich AlInN alloys together with the values obtained in this work, the bowing
factors by, bo, and b3 for the high-energy critical points E1, Fs, and E3 were found to
be 1.59 + 0.07 eV, 2.52 + 0.26 eV, and ~0, respectively. The high-energy inter-band
transitions together with the band-gap values as a function of In content are depicted

in Figure 8.12.

Energy (eV)

. . 1 . 1 . . 1 . X

0.0 0.2 0.4 06 08 10 F!gure 8.12: .AIInN alloy ba.nfi—gap and
high-energy inter-band transitions as a

Indium content x function of In content.
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8 Optical properties of AlInN alloys

8.3.3 Dispersion below the band gap and high-frequency diel ectric
constant

In this section, the real part of the isotropic DF below the band gap for the investigated
SA and SI sample series will be presented in the analytical form as well as the values of
high-frequency dielectric constants €, and its linear interpolation will be deduced.
The dispersion of €1 for AlInN samples in the transparent region (below the band
gap) can be presented in the analytical form by using a simplified analytical expression
(3.22) from Chapter 3.2. The high-frequency dielectric constants (£,) are obtained by
fitting experimentally obtained e; below the band gap with the analytical expression
(3.22) and by extrapolating this expression to zero photon energy (hw — 0). Their values
together with the fitted parameters are listed in Tab. 8.4. By extrapolating obtained
€00 values for x<0.2, the following expression of high frequency dielectric constant as a

function of In content for AllnN alloys is obtained:

Eoo = 2.78 X &+ 4.12 (8.8)

By employing the parameters from Tab. 8.4 and applying the Eq. 3.22, &1 values
below the band gap are generated, as it is shown in Fig. 8.13 together with the AIN
and GaN e values used for comparison. The precise €1 (or refractive index n; = |/€1)

values below the band gap are needed for the optoelectronic device development.

Table 8.4: High-frequency dielectric con-
stant for the investigated (0001)-oriented
(eV) (eV) (eV) AlInN samples and fitted parameters of

AIN 411 291 616 34.90 1026 Pa (322

Sample € Aq  Eg Ag En

SA1 (14.3%) 4.54 153 452 40.01 881
SA2 (17.5%) 4.61 1.82 4.38 38.85 8.82
SA3 (19.0%) 4.65 147 421 41.15 887
SA4 (22.8%) 4.71 1.40 4.02 41.63 8.82

SI1 (17.4%) 4.61 247 437 36.71 10.43
S12 (24.2%) 4.67 234 385 36.73 11.31
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8.4 Optical anisotropy of a-plane Al (gIngsN

In previous section 8.3, the isotropic DFs of the AlInN alloys were determined in the en-
ergy range 1-10 eV and the extended energy range up to 18 V. In these studies, however,
c-plane samples were investigated by ellipsometry (almost a configuration E 1 ¢) and,
thus, only so called isotropic DFs were determined. Now, by investigating an a-plane
Alp gIng 2N sample SN and measuring it by ellipsometry at two configurations (i.e., the
c-axis is perpendicular and parallel to the plane of incidence), it is possible to determine
both ordinary and extraordinary DFs.

The following notations indicate the transitions from VBs to CB are used: A (I'§
— I%), B IV, — I'¢) and C (I'y_ — I'S). According to the optical selection rules
for an unstrained material with A.<0, the transitions A and C are dominated for
configuration E L ¢, while transition B is dominated for configuration E||c.

The complex ordinary and extraordinary DFs obtained for a non-polar sample SN
are shown in Figure 8.14. A pronounced optical anisotropy is observed in the whole
investigated photon energy range 1-6 eV. If one looks closer near the band gap region,
one can notice that the absorption onset for the extraordinary imaginary part of the DF
is red-shifted with respect to absorption onset of the ordinary imaginary part of the DF.
This is fully consistent with the VB ordering for the materials with a negative crystal field
splitting energy A <0 such as in AIN |77] but opposite to the polarization anisotropy of
InN [7] with Ag>0. The difference between transition energies F and E¢ is very small
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8 Optical properties of AlInN alloys

~13 meV, therefore, it is not resolved. From the fit of the analytical model (described
by Eqs. 3.21-3.18 in Chapter 3.2) to the ordinary and extraordinary experimental DFs,
the inter-band transitions Fx=4.44 eV and Fp=4.24 ¢V (fundamental band gap) are
determined, which correspond to the transition energies A and B, respectively. The
difference between transition Ea and Eg amounts to AEAg=FEp-Ex=~—200 meV.

The ordinary and extraordinary DFs describe the optical response of the material
for configurations E L ¢ and E||c, respectively. According to the optical selection rules
for unstrained Al-rich AlInN alloy the transition A is allowed for configuration E 1 ¢,
while transition B for E||¢. By using the k-p method [70] and employing the parameters
from Tab. 2.1 in Chap. 2, the relative oscillator strengths for the strained AlInN layer are
evaluated: for configuration E||z f3=0.89, f£=0.01, and f$=0.10; for configuration E ||y
f2=0.10, £2=0.01, and £5=0.89; for configuration E||z f2=0, f£=0.99, and f{=0.01. The
calculated relative oscillator strengths indicate that for the configuration E L ¢ (i.e. E|x
or E|ly) the transition B probability is almost zero, while for the configuration E| ¢ (i.e.
E||2) the transition B probability is almost 1. The strain-free energy difference AESa*
was evaluated to be ~—296 meV. By using a linear interpolation for the determined
splitting values for AIN of ~—210 meV [77] and InN of ~25 meV [68], the AEp is
obtained to be —163 meV at x=20%. Only, by introducing a bowing factor of 0.83 €V,
the splitting value of —296 meV is obtained.

The analytical forms of the real part of the ordinary and extraordinary DFs (e; ,

and €1 ) in the transparent region (below the band gap) are needed for optoelectronic

Real part of the DF - ¢,
Imaginary part of the DF - &,

0 1 2 3 4 S 6 Figure 8.14: Complex ordinary and ex-
Photon energy (eV) traordinary DFs for Al sIng 2N alloy.
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8.5 Summary of Chapter 8

DF e Ag Eq Ay Ey Table 8.5: Or(.iinary and extraordinary high-
energy dielectric constants for sample SN and
(eV) (eV) (eV) fitting parameters of Eq. (3.22).

€10 457 3.04 413 2856 11.79
€1 480 3.16 4.01 29.64 12.48

device design. The dispersion of €; for non-polar AlInN sample in the transparent region
(below the band gap) is expressed by the Eq. 3.22, as it was described in Chapter 3.2.
The ordinary and extraordinary high-frequency dielectric constants (€40, and oo )
values together with the model parameters are represented in Tab. 8.5. By using the ex-
pression ny j = /€1 (j=e,0) (which is valid in the transparent region) and Eq. (3.22), we
present the refractive indices n1 , and ny . for AlggIng 2N as a function of photon energy
together with GaN and AIN for comparison in Fig. 8.15. The extraordinary refractive
indices for AlInN as well as for GaN and AIN have a higher values in the transparent
region, indicating the positive birefringence. The difference n.-n, for AlgglngoN was
found to be 0.068 at photon energy of 3 eV. The GaN extraordinary and ordinary refrac-
tive indices cross approaching the band gap, while the indices for AlInN alloy diverge,

as it can be observed in Fig. 8.15.

2.8

27 -
2.6 -
25 -
24 -

23

Refractive index - n

Figure 8.15: Ordinary and extraordi-
nary refractive indices dispersion for

| ] Alp.gIng.2N alloy. For comparison,

20 . | . | . | . | . | . dashed and dash dotted lines show the

1.0 1.5 20 25 3.0 3.5 4.0 refractive indices for GaN [155] and AIN
Photon energy (eV) [77], respectively.

8.5 Summary of Chapter 8

The optical properties of the AlInN films nearly lattice matched to a GaN were investi-
gated. The isotropic DFs and their analytical representations were demonstrated in the

photon energy range 1-10 eV. The isotropic DF was also measured in the extended energy
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8 Optical properties of AlInN alloys

range up to 18 eV for InAnN sample with 14.3% In content. The critical points of the
band structure were observed in the high-ernergy range. The fit of the analytical model
to the experimental DFs allowed to estimate the band gap Ea, i.e., the transition from
I'g valence band to the I'; conduction band. The strain-corrected band-gap values were
obtained after applying the k-p method. The strain-free band-gap Es bowing param-
eter was found to be composition dependent and is expressed as ba=6.24/(1+1.13-22),
where x is an In content. The investigation of an a-plane AlInN sample with In content
of 20% gave an access to both ordinary and extraordinary DFs. The strong optical
anisotropy was observed for the a-plane sample in the whole investigated range 1-6 eV.
The difference between the estimated band gaps for two configurations E 1l ¢ and E||c
was found to be ~200 meV.
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9 Optical properties of quaternary
AlinGaN alloys

In previous Chapters, the strain-free band-gap bowing parameters, which allow to deter-
mine the band gap in the whole compositional range, were determined for the ternarnary
InGaN and AlInN alloys. Now, the question arises: is it possible to find a band-gap
bowing parameter for the quaternary alloy? The Al,In,Ga;_,_,N band gap can be
tuned with a higher degree of freedom by changing the Al, In, or Ga content. Moreover,
the composition determination in the quaternary alloy becomes more complicated by
applying HRXRD. Alternative characterization techniques are needed (e.g., Rutherford
backscattering spectroscopy analysis). In this Chapter, the isotropic DFs and their an-
alytical representations of the (0001)-oriented AllnGaN films will be presented in the
energy range from 1 eV up to 10 eV. By employing the known bowing parameters of the
ternary alloys, the empirical expression will be developed that allows to calculate the
band-gap and high-energy inter-band transitions for the quaternary AllnGaN alloys in
the whole compositional range. The calculated AllnGaN band-gap values will be com-
pared with both experimental data obtained by SE and the ab initio calculated data
for uniform alloy.

Figures 9.1-9.7, 9.9 and Tables 9.2-9.4, 9.9 are reprinted with permission from
Sakalauskas et al, Journal of Applied Physics, Vol. 110, Page 013102, (2011). Copyright
2011, American Institute of Physics.

9.1 Description of the investigated samples

The MOVPE was used to grow (0001)-oriented Al,;In,Gaj_,_yN samples with Al con-
tent 0.23<x<0.64 and In content 0.02<y<0.13. The samples are denoted as S1 to S6
representing increasing Al content in this ordering. Samples S2, S4, and S6 provided by
L. Rahimzadeh Khoshroo (RWTH Aachen University) were grown on c-plane sapphire
substrate with 350 nm AIN buffer, 3.5 pm thick GaN buffer, and 1 nm AIN interlayer,
as follows. Samples S1, S3, and S5 provided by B. Reuters (RWTH Aachen University)
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9 Optical properties of quaternary AllnGaN alloys

were grown analogically, except that GaN buffer thickness amounts to 3 pm and AIN
interlayer is not applied. The AllnGaN layer thickness varies from 77.5 to 140.6 nm as
determined by SE. The HRXRD measurements revealed pseudomorphic growth of the
AlInGaN films on GaN /sapphire templates. Lattice parameters of GaN buffer layers, as
determined by HRXRD, were evaluated to be a=3.182 A and ¢=5.190 A. The Ruther-
ford backscattering spectroscopy (RBS) analysis was performed to determine the alloy
composition (z, y), as listed in Tab. 9.1. The growth details of these studied samples

can be found elsewhere 10, 156].

9.2 Optical selection rules for quaternary AlinGaN alloys

Before interpreting the DF, optical selection rules for quaternary AllnGaN material will
be considered. First of all, the VB ordering around the I' point of the Brillouin zone
will be discussed. The valence band maximum (VBM) is splitted by the crystal field
(A¢r) and spin-orbit interaction (Ago) into three two-fold-degenerate VBs with I'y, T'Y_|
and I'7, symmetry, as it was discussed in Chapter 2.

Because the Ag, values for the binaries are almost identical, only special attention
should be paid to the crystal field. Valence band crossing for the Al,In,Ga;_,_,N alloy
occurs at Ag=0 eV. Assuming that the Al In,Ga;_,_,N crystal-field splitting energy

is interpolated by using the following expression:

Qamcan(z,y) = (1 =2 —y) - Qaan + 7 - QAN + ¥ - Qm, (9.1)

where Qmn, QaaN, and QaN correspond to InN, GaN, and AIN crystal-field splitting
energies, respectively, the crystal-field splitting energy is obtained -144 meV <A <-
28 meV, as indicated with dashed lines in Fig. 9.1(a) for the investigated samples (0.23 <
x < 0.64 and 0.02 < y < 0.13). The band ordering for the alloys studied here is the
same as for AIN, i.e., the uppermost VB is characterized by I';, symmetry as shown in
Fig. 9.1(b).

By applying the k-p method, it is possible to calculate the relative valence band
energy and the oscillator strengths for AllnGaN alloys. All parameters used in the cal-
culations are interpolated from Eq. 9.1 by using the GaN, AIN, and InN endpoint values.
The k-p method is described in Chapter 2 and the parameters for k-p calculations are
employed from Table 2.1 in Chapter 2.

For the investigated AllnGaN samples, the transitions from the I'y valence band
to the I'S conduction band (labeled A) and from I'Y_ to I'S (labeled C) exhibit strong
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Figure 9.1: VB ordering for the AllnGaN alloy system as a function of crystal-field splitting
energy (Aso=13 meV). The dashed lines indicate the calculated crystal-field splitting energy
range for studied AllnGaN samples (a); Simplified scheme of transitions A, B, and C (for
A¢s < 0). Symbols L and || indicate strong transition probability, meanwhile symbols (L)
and (||) indicate weak transition probability for the respective polarization states (b).

relative oscillator strengths only for the configuration E 1 ¢. Thus, by measuring c-plane
AllnGaN samples with an ellipsometer (almost E 1 ¢), these transitions dominate the
optical response. In contrast, the transition from I'y, to I'; (labeled B) is strongly
allowed only for the configuration E||c. The simplified valence band ordering scheme
sketched in Fig. 9.1(b) shows that transition B stems from the topmost valence band,
but its oscillator strength is weak, thus, it is hardly detectable in the ordinary and
isotropic DFs.

It is important to mention that an in-plane strain in the AlInGaN films can also
induce VB order and oscillator strength changes. Figure 9.2(a) shows the deduced
relative valence band ordering as a function of in-plane strain €., for sample S2. The
VB crossing occurs at an in-plane strain of ~-0.005. By increasing a compressive strain,
the relative oscillator strength for transition C decreases, while it increases for the
transition B as presented in Figure 9.2(b).

The in-plane strain values (€;;) are listed in Table 9.1. The determined ¢,, values
vary from -9.82x107% to 8.08x1073. According to the assumption that the parameters
used in k-p calculations were interpolated using the Eq. 9.1 and considering the eval-
uated in-plane strain values, one can postulate that for the investigated samples the

transition A and C will dominate the optical response detected by SE.
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Figure 9.2: Relative VB ordering (a) and oscillator strength for configuration E_L¢ (b) as a
function of in-plane strain (sample S2).

9.3 AlInGaN dielectric function and its analytical
representation

The obtained isotropic DFs for samples S1, S3, and S5 are presented in Fig. 9.3. Pro-
nounced features attributed to critical points of the band structure are found in the
high-energy range of €. They have a strong impact on the dispersion of €1 at lower en-
ergies. It is clearly seen in Fig. 9.3 that with decreasing Al content in the AllnGaN alloy,
the absorption onset (imaginary part of the dielectric function - €5) redshifts. Following
the Kramers-Kronig relation, the e peak also shifts to the lower energies.

Accurate analytical form of the DF is necessary for device modeling and analysis

of the material optical properties. In this section, it will be shown that the DFs of

Sample x/y (RBS) B Table 9.1: Al/In composition values (x/y)
e evaluated by RBS as well as calculated in-

S1 0.23/0.02  1.08:107%  plane strain values.

S2 0.28/0.04  1.09-10~4

S3 0.41/0.03  4.39-1073

S4 0.41/0.05  2.20-1073

S5 0.56/0.03  8.08-1073

S6 0.64/0.13 -9.82:10~*
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----81(0.23/0.02
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2L -----85(0.56/0.03

-
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Real part of the DF - ¢,
N

Imaginary part of the DF - ¢,

Photon energy (eV)

10 Figure 9.3:

Isotropic DFs for sam-
ples S1, S3, and S5.

AlInGaN can be represented analytically by using the analytical model presented in

Chapter 3.2 (as it was already demonstrated in previous chapters for ternary AllnN and

InGaN alloys).

The analytical expressions (Eq. 3.18 and Eq. 3.21 in Chapter 3.2) were fitted simul-

taneously with the experimentally obtained AllnGaN real and imaginary parts of the

DF using the least square method. By fitting the analytical model to the experimental

DF, the band-gap (Ea) and high-energy inter-band transitions (E;, Ea, and Es3) were
obtained. The parameter Ec was fixed to be EF4 + 0.013 eV. The fitting parameters

are listed in Tab. 9.2. The experimental complex DF and its analytical form for sample

S3 are represented in Fig. 9.4.
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1 2 3 4 5 6 7 8 9 10 Figure 9.4: Experimental and calcu-

Photon energy (eV)

lated DF for sample S3.
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9 Optical properties of quaternary AllnGaN alloys

Table 9.2: Fitting parameters for the DF analytical model.

Fitting Sample
parameter S1 S2 S3 S4 S5 S6
Ap 1.73 1.21 1.86 1.14 1.43 0.53
Ay (eV?) 45.90 44.09 46.02 39.86 42.93 39.18
Ay (eV?) 22.26 47.69 32.39 46.45 38.77 70.38
Az (eV?) 65.26 87.32 46.44 91.90 58.97 91.16
ApseV?)  2.7107! 6-1072 2.107* 251071 581072  6.5-107!
Acs (eV) 1.17 1.07 1.20 1.05 1.68 0.61
Ap (eV) 216.52 176.32 154.81 208.28 231.45 273.86
E; (eV) 7.06 7.09 7.20 7.7 7.39 7.49
E5 (eV) 7.99 7.99 8.12 8.03 8.25 8.40
Es5 (eV) 9.05 9.12 9.05 9.09 9.03 9.48
Ex (eV) 3.74 3.74 4.06 3.95 4.56 4.27
Ec (eV) F4+0.013 FE4+0.013 E4,+0.013 FE5+0.013 FE»+0.013 FE4+0.013
Ep (eV) 19.61 15.38 17.14 16.28 18.40 16.46
Ty (eV) 2.6:1072  4.2.1072 0.11 551072 3.7.107%2  1.5-1072
I (eV) 0.92 0.89 1.11 0.94 1.07 1.18
[y (eV) 0.84 1.32 1.29 1.40 1.33 1.65
I3 (eV) 1.99 2.11 1.81 2.30 1.91 2.46
I'pg(eV) 0.09 0.07 1.72 1.66 6.84 1.63
TCes(eV) 0.05 0.14 0.12 0.21 0.12 0.12
R (meV) 12 19 12 19 29 23
b -2.43 -2.45 -1.79 -2.85 -2.84 -4.05
9.3.1 Compositional dependence of the characteristic tran sition

energies

In this section, the empirical expression, which allows to describe the band-gap Fa

and high-energy inter-band transitions Fy, Fo, and Fj3 of quaternary AllnGaN alloys in

the whole composition range (z, y), will be proposed. By employing the ternary alloy

bowing parameters and binary endpoint values, determined in previous studies (listed

in Tab. 9.3 and 9.4, respectively), and applying the following expressions [57:
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9.3 AllnGaN dielectric function and its analytical representation

ERRTSy = (L-—z—y) B 4o BN
ty - EBN _pMGaN (1 _ )
(1) by
9.2)

_ pAllnN AlGaN InGaN
= pAllaN _ pAlGaN _pInGa (9.3)

bxy )

the band-gap (Ea) and high-energy transition energies (E;, Eo and E3) are calculated.

9.3.1.1 Band gap

The studied AllnGaN films were pseudomorphically grown on GaN buffer layers, there-
fore, they experience compressive or tensile strain (depending on the alloy composition)
which causes the strain induced band-gap shift AEjsfrain. The strain induced band-gap
shift AEffrain is calculated by applying k-p method, as it was described in Chapter 2.
All Al,In,Gaj_,—yN parameters (spin-orbit, crystal-field splitting energy, deformation
potentials, lattice parameters, and elastic stiffness constants) used for k-p calculations
are deduced from InN, GaN and AIN parameters by using a linear interpolation accord-
ing to Eq. 9.1

The strain-induced energy shift AEZtrain calculated from the k-p model around the
I' point of the Brillouin zone, transition energy Ea obtained from the DF (influenced
by strain), and derived unstrained transition energy Efflax = Fr — AEZtrain values are
summarized in Table 9.5.

Now, the band-gap values will be calculated from Eq. 9.2 and will be compared with

both ab initio and experimental data. The transition Ep endpoint values are 0.675 eV,

Table 9.3: Bowing parameters
ba (eV) b (eV) ba (eV) bs (eV) for ternary alloys.
InGaN 1.65 1.06 0.99 1.04
AlGaN 0.9 [84] 0.2 [84] 0.1[84] 0.5 [84]
AlInN = ba(z)=4—z 159 252 0

A=6.24; C=1.13
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9 Optical properties of quaternary AllnGaN alloys

Ea (eV) B (eV) By (eV) E (eV) Table 9.4: Endpoint values.
InN  0.675 [121] 5.38 [121] 6.12 [121] 7.95 [121]
GaN 3435 [24]  6.99 [84]  7.96 [34]  9.25 [84]
AIN 6.24 [30] 7.97 |84] 8.95 [84] 8.84 [84]

Sapleexpl. By AB{ B cle By 695, Bverimatal
(eV) (eV)  (eV)  (eV) Ea.
S1(0.23/0.02)  3.74 001 375  3.82
S2 (0.28/0.04)  3.74 ~0 374 383
S3 (0.41/0.03)  4.06 0.04 410  4.20
S4 (0.41/0.05)  3.95 0.02 397  4.09
S5 (0.56/0.03)  4.56 0.06 462  4.61
S6 (0.64/0.13)  4.27 001 426  4.32

3.435 eV, and 6.24 eV for InN, GaN, and AIN, respectively, as listed in Tab. 9.4. The
bowing parameter values (ba) for ternary alloys are employed from Tab. 9.3. By using
E\ endpoint values and ternary alloy bowing parameters (ba) in Eq. 9.2, it is possible
to generate the band-gap values in the whole compositional range (x, y), as shown in
Figure 9.5.

The calculated AllnGaN band-gap values from Eq. 9.2 together with the experi-
mentally determined band-gap values are summarized in Table 9.5. The calculated and
experimental values are in good agreement. Figure 9.6 shows the band gap as a func-
tion of z and ¥y in colour map. The black circles indicate the experimentally determined
values from SE.

The ab initio calculated band-gap values for the uniform (not clustered) Alg g2—,In,
Gag.3sN alloy in the work of Gorcezyca et al. [128] are also in good agreement with the

generated values from Eq. 9.2, as shown in Figure 9.7.

Table 9.6: Experimental PL peak values Epr,, band-gap values determined from ellipsometry

relax

Ea, calculated difference E3™**, and calculated difference AE4p from ical expression (9.4).

Sample Epy, Exx prlax prelax Ap,p (Eq. 9.4)
(eV) (V) (eV) (eV)
S1(0.23/0.02) 3.69 3.71 -0.04 -0.044
S3(0.41/0.03) 3.96  4.05 -0.05 -0.090
S5(0.56/0.03) 4.32  4.49 -0.13 -0.127
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9.3 AllnGaN dielectric function and its analytical representation

Band gap (eV)

Figure 9.5: AlInGaN band gap as a func-
tion of Al content (x) and In content (y)
generated using Eq. 9.2.

o
~

y (In content)

o
N
1

Figure 9.6:  Colour map of the AllnGaN
band gap as a function of Al content (z)
and In content (y) generated using Eq. 9.2.
Black circles indicate the experimental data
points determined from SE for samples S2,
S4, and S6.

0.0 0.2 0.4 0.6 0.8 1.0
X (Al content)

Additionally, the PL measurements were performed by the research group of prof.
G.P. Yablonskii (Stepanov Institute of Physics, National Academy of Science Belarus)
at RT for samples S1, S3, and S5 by using an excitation wavelength A=213 nm and
excitation power of ~300 kW /cm?. Fig. 9.8 shows the PL peak values obtained at RT
(indicated by triangles) together with the band-gap values determined from SE at RT
(indicated with squares) as a function of lattice parameter a. In order to have a better
comparison, PL peak values (Fpr,) and strain-corrected PL values (Effﬁax) together with
the calculated difference (B Ea%)) are listed in Table 9.6. One can observe the
difference between PL and SE values, it even mounts up to -130 meV for sample S5 with
the highest Al content. To understand this difference between PL and SE values, the

same explanation will be taken as it was done for AlInN samples in Chapter 8, section
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9 Optical properties of quaternary AllnGaN alloys
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Eq. 9.2 as a function of In content (y) for
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8.3.2. It is assumed that the PL peak value corresponds to the band-to-band transition
from the conduction band to the topmost valence band. For the investigated AllnGaN
alloys the crystal-field splitting energy is negative A. < 0. The topmost valence band
is 'y . The following expression to calculate the difference between the transitions A
and B (AEap = Ep — E4) is proposed:

AEAp(z,y) =001-(1 -2 —y)+(-0.21) -2+ 0.03-y — 0.83 -z - y. (9.4)

Here, the AEap bowing parameter of 0.83 eV for the AlInN alloy is employed, as
it was determined from Chapter 8, section 8.4. The endpoint AFap values of ~0.01 eV
[155], ~-0.21 [30,77], and ~0.03 [68] are used for binary GaN, AIN, and InN. Table 9.6
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9.3 AllnGaN dielectric function and its analytical representation

x/y Epp, @QRT calc. Ep (Eq. 9.2) Table 9.7: Experime.zntal PL peak values

measured at RT by different groups and cal-

(eV) (eV) culated transition energies Ea from Eq. 9.2.
0.08/0.01  3.61 [157] 3.56
0.08/0.02 3.48 [157] 3.51
0.08/0.015 ~3.54 [157] 3.53
0.05/0.01 3.508 [158] 3.499
0.075/0.04  3.39 [159] 3.41
0.06/0.15 2.90 [160] 2.90
0.01/0.08  3.20 [160] 3.12
0.1/0.001 3.55 [160] 3.64
0.02/0.08  3.14 [161] 3.14

compares the calculated AFap with the ElgeﬁaX—EflaX values and good agreement is
found for samples S1 and S5.

Moreover, several band-to-band PL peak data for Al,In,Gaj_,_,N with 2<0.1
(measured at RT by other research groups) were collected and listed in Table 9.7. Since
Al content in these samples is low (x<0.1), thus, the crystal-field splitting energy will
be small for these samples. Consequently, the PL peak value is expected to be very
close to the transition Ep. Table 9.7 compares the PL peak values with the calculated
transition energy Fa values. Indeed, the PL peak values are very close to the calculated
EA values. It is important to mention that for the PL peak values presented in Tab. 9.7,

the strain influence was not taken into consideration.

9.3.1.2 High-energy inter-band transitions

In this section, the experimentally determined high-energy inter-band transitions (E7,
Es, and FE3), which correspond to the CPs of the band structure, will be compared with
the calculated values from Eq. 9.2. It is worth to emphasize that in previous ellipsometry
studies conducted on binary nitrides [1,68], the strain influence on the high-energy inter-
band transitions was not noticed. Therefore, we assume that the high-energy inter-band
transitions for quaternary alloys will not be influenced by strain.

By employing the transition energies E;, F2, and Fj3 endpoint values (listed in
Tab. 9.4) and the bowing parameters of ternary alloys (listed in Tab. 9.3) in Eq. 9.2,
it is possible to describe the transition energies in the whole composition range (z, y).
The calculated values are in good agreement with the experimental values (summarized
in Table 9.8).
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9 Optical properties of quaternary AllnGaN alloys

Table 9.8: Experimental (obtained from the DF modelling) and calculated (from Eq. 9.2)
high-energy inter-band transition energies F1, F2, and Fs.

Sample expt. By calc. By | expt. B calc. Ey | expt. 3 calc. Fj
(V) (V) | (V) (V) | (eV)  (eV)
S1 (0.23/0.02) 7.06 7.13 7.99 8.11 9.05 9.03
S2 (0.28/0.04) 7.09 7.11 7.99 8.09 9.12 8.96
S3 (0.41/0.03) 7.20 7.26 8.12 8.24 9.05 8.91
S4 (0.41/0.05) 7.7 7.20 8.03 8.17 9.09 8.88
S5 (0.56/0.03) 7.39 7.40 8.25 8.38 9.03 8.85
S6 (0.64/0.13) 7.49 7.21 8.40 8.10 9.48 8.71

9.3.2 Dispersion below the band gap and high-frequency diel ectric
constant

In this section, the high-frequency dielectric constants 4, will be derived for the inves-
tigated AllnGaN samples. The dispersion of ¢ for AllnGaN samples in the transparent
region (below the band gap) is expressed by the analytical expression as described in
Chapter 3.2 by Eq. 3.22.

The high-frequency dielectric constants together with the fitted parameters of Eq.
3.22 are represented in Tab. 9.9. In Figure 9.9, the €1 values are presented as a function
of photon energy for AllnGaN samples together with AIN and GaN for comparison.
The precise €1 (or refractive index - n) values are needed for optoelectronic device

development.

75F ====ST b AinGaN

Real part of the DF - 81

AN

L Figure 9.9: Real part of the DF (1) for
5 6  samples S1, S3, and S5 in the transparent
Photon energy (eV) region (below the band gap).
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9.4 Summary of Chapter 9

Sample e Ag Eg Ay Ey

(V) (V) (eV)
S1 493 1.89 3.67 3874 842
S2 490 220 3.76 38.05 9.08
S3 4.82 1.96 4.07 41.72 9.68
S4 4.85 149 3.87 41.80 8.60
S5 4.46 2.04 457 36.35 8.96
S6 4.55 225 447 39.12 11.01

9.4 Summary of Chapter

9

Table 9.9: High-frequency dielectric constant
and fitted parameters.

The isotropic DFs and their analytical representations were presented for the (0001)-

oriented quaternary AllnGaN alloys in the photon energy range 1-10 eV. Critical points

of the band structure F;, Fs, and E3 were observed in the high-energy range. With the

knowledge of the ternary InGaN, AlInN, and AlGaN alloy band-gap bowing parameters,

the empirical expression was developed that allows to calculate the band-gap and high-

energy inter-band transitions for the quaternary AllnGaN alloy. The band-gap values

calculated from this empirical expression are in good agreemnent with both experimental
SE and the ab initio data.
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10 Summary

In this work, optical properties of wurtzite structure InN and related alloys were in-
vestigated. The spectroscopic ellipsometer (SE) was used as the main characterization
tool for the analysis of the optical properties. The mid-IR range (300 - 2000 cm ™) was
investigated by applying an IR-SE. A commercial variable angle ellipsometer together
with a synchrotron ellipsometer allowed to cover the spectral range from the near IR up
to VUV (0.56 - 18 eV).

The dielectric functions (DFs) as well as the layer thicknesses of the investigated
samples were obtained by applying the multilayer optical model. The so called ellipso-
metric parameters ¥ and A obtained from the SE measurements are fitted by using a
multilayer model. A multilayer model includes a substrate and buffer layers with the
known optical constants. The surface or interface roughness is taken into consideration
by applying an effective-medium approximation. By analyzing the polar sample (i.e.,
c-axis is perpendicular to the sample’s surface plane), the so called isotropic DF is ob-
tained that is very close to the ordinary DF [78]. For non-polar samples (i.e., the c-axis
is parallel to the sample’s surface plane) it is possible to extract both ordinary and
extraordinary DFs.

The DF reflects optical properties of the investigated sample, e.g., a band gap
and critical points (CPs) of the band structure (high-energy inter-band transitions).
However, a band gap, can not be extracted directly from the absorption onset (imaginary
part of the DF around the gap). For example, an InN material is a low band gap
degenerate semiconductor with the Fermi level above the conduction band minimum.
The effects, such as the band-gap renormalization and the Burstein-Moss shift, must be
taken into consideration. The optical selection rules also must be considered. The crystal
field and spin-orbit interaction split the valence band maximum into three two-fold-
degenerate valence bands with I'y  , I'7_, and I'§ symmetry. For instance, by measuring a
polar sample by SE, the configuration is almost E_Lc. Therefore, only transitions allowed
for this configuration are determined for polar samples. Meanwhile, by measuring the

non-polar sample, one can determine the transitions allowed for both configurations
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10 Summary

E.lc and El/c. And finally, the strain influence on the band gap must be accounted
for. The investigated InN and In(Al,Ga)N samples are grown on the different substrates
and different buffer layers. Due to a lattice mismatch and different thermal expansion
coeflicients, the grown epilayer experience compressive or tensile strain. A k-p method
is used to calculate the strain induced band-gap shift.

Moreover, the analytical DF model developed by Goldhahn et al [162] was suc-
cessfully applied for the ternary InGaN and AllnN alloys as well as for the quaternary
AllnGaN alloys in the energy range from 1 eV up to 10 eV. The fit of the analytical
model to the experimental DFs allows to determine the band gap (Ea, Ep) as well as the
high-energy inter-band transitions (Ep, Fa, and E3). The estimated high-energy inter-
band transition energies are in good agreement with the values determined from the
third-derivative method developed by Aspnes [134]. For the analytical representation of
the DF in the transparent range and the high-frequency dielectric constant estimation,
the analytical model developed by Shokhovets et al [85] is applied.

The intrinsic band gap and the carrier concentration for the unintentionally and car-
bon doped (0001)-oriented InN samples are evaluated by solving a self-consistent prob-
lem that includes the IR-SE ellipsometry data analysis and the imaginary DF around the
band gap calculation, as it was proposed by Schley et al [121]. The intrinsic strain-free
fundamental band gap for the investigated InN samples was evaluated to be ~0.65 eV.
From the analysis, it was shown that for the carbon doped samples the electron con-
centration increases linearly by increasing the CBry dopant pressure during the MBE
growth process. For the unintenionally doped InN samples the isotropic DFs were ex-
tracted up to 9.5 eV. Characteristic peaks of the band structure denoted as D, E7, Eo,
FEs5 and FE,4 were observed. For the selected carbon doped InN samples, the isotropic
DFs were determined in the extended range up to 17 eV. The additional CPs of the
band-structure Es and Eg were observed in the extended energy range. Despite the
different in-plane strain in the different InN epilayers, no shift of the energetic positions
of the CPs were observed.

For the (0001)-oriented In,Gaj_,N samples with 0.15<z<0.19, the isotropic DFs
were obtained in the range 1-10 eV. From the fit of the analytical model to the exper-
imental DFs, the fundamental band gaps were estimated. The band gap values were
strain corrected by applying the k-p formalism. Combining the results for In-rich In-
GaN samples obtained in the work of Schley et al [121], the strain-free band-gap bowing
parameter was estimated to be 1.65+0.07 eV. The high-energy inter-band transitions Fjy,

FEs, E3 were also obtained from the analytical model fit and the bowing parameters were
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evaluated to be ~1 eV. Moreover, the sample with In content of 15.2% was measured
by SE in the extended energy range up to 17 eV and the critical points E4 and E5 were
observed at energies of 10.8 eV and 12.6 eV, respectively.

An attention must be paid for the optical selection rules of the Al-rich AlInN and
AllnGaN alloys. Since the AIN has a huge negative crystal-field splitting energy of
Acs=-212 meV [30], it is expected that the Al-rich AlInN and AllnGaN alloys will have
a large splitting between I'y, and 'y, I';_ VBs at the I' point. For the material with
a negative crystal field energy, the transition from the top-most valence band I';+ to
the conduction band I'S (denoted as Eg) is strongly allowed for a configuration E|c.
While the transitions from the VBs I'f§ and I'Y_ to the conduction band I'S (denoted as
Ex and Ec, respectively) are strongly allowed for a configuration ELc. The splitting
between I'§ and I'y_ caused by a spin orbit-interaction is very small, therefore it is not
resolved in the spectroscopic ellipsometry measurements and only a transition Ea can
be probed.

For the series of polar Al-rich AlInN films nearly lattice matched to GaN, the
transitions Ea (I'y — T'S) are determined from the fit of the analytical model to the
experimental isotropic DF. The strain induced band gap shift was calculated by using
the k-p method. By combining the latter data and the data obtained for In-rich AlInN
alloys from the work of Goldhahn et al [142], the strain-free band gap (Ea) bowing
parameter was obtained to be 5.36+0.36 eV. However, it was noticed that the bowing
curve with a bowing parameter of 5.36 ¢V does not describe well the experimental data
points in the whole compositional range. Therefore, the new composition dependent
bowing parameter by = ba(z) = 6.24/(1 + 1.13 x x?) was proposed. The composition
dependent bowing parameter ba(x) describes very well the experimental data points
and is in a good agrrement with the ab initio calculated band gap values from the work
of Gorezyca et al [128]. The high-energy inter-band transitions were also determined
from the fit of the analytical model. The bowing parameters for high-energy transitions
E4, Es, and E3 were obtained to be 1.59 eV, 2.52 eV, and 0 eV, respectively. One AlInN
sample with In content of 14.3% was measured in the extended energy range up to
18 eV, and the CPs Ey4, E5 and Eg were observed at ~10.6 eV, ~12.5 eV, and ~14.2 eV,
respectively.

In addition, a non-polar (11-20)-oriented AlygIngoN was investigated and the or-
dinary and extraordinary DFs were determined in the spectral range between 1 eV and
6 eV. The strong optical anisotropy was observed in the whole investigated range. The

extraordinary refractive indices for AlInN have a higher values in the transparent region,
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10 Summary

indicating a positive birefringence. The difference n.-n, for AlgglngsN was found to be
0.068 at photon energy of 3 eV. The transitions Es4 and Ep (fundamental band gap)
were determined to be 4.44 eV and 4.24 eV, respectively. The difference between the
transition £y and Ep was estimated to be AEAg=Fp-Ex=-200 meV, as it was expected
for an Al-rich alloy due to the large negative crystal-field splitting energy of AIN [30].
Analogously as for the ternary alloys, the strain-free transition energies F4 and
high-energy inter-band transitions Ej, FEo, and E3 were determined for the (0001)-
oriented quaternary Al,In,Gaj_,_,N alloys with 0.16<<2<0.64 and 0.02<y<0.13. With
the knowledge of the bowing parameters of ternary alloys InGaN, AlInN, and AlGaN [84],
it was possible to develop an empirical equation that allows to determine the transition

energy 5 as well as the high-energy inter-band transitions Ei, Fo, and Ejs.
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