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CHAPTER 1 

Introduction 

 

1.1. Motivation and scope of this thesis 

Semiconductors play a key role in our daily life, as they are at the heart of 

virtually all technological products such as computers and smartphones, light-emitting 

diode (LED) lamps, flat-screen monitors, photovoltaic cells, fiber-optic 

communication systems, medical devices, military and civil aerospace systems, sensing 

devices, etc. The semiconductor industry, with the support of numerous public 

research centers worldwide, faces the challenge of designing new applications and 

improving the performance of existing devices. Also, there is a continuous need to 

develop new materials and devices with improved optical and electronic properties. 

This is the case of group III-nitride semiconductors, which have become the focus of 

extremely intensive research over that last decades due to their remarkable physical 

properties and which are already being used in numerous electronic and 

optoelectronic devices. Research on III-nitrides was boosted in the 90s with the 

attainment of p-type gallium nitride (GaN), which permitted the commercial 

production of efficient blue light-emitting diodes (LEDs) based on the indium gallium 

nitride (InxGa1−xN) ternary alloy and GaN. For this achievement, I. Akasaki, H. 

Amano and S. Nakamura were awarded with the 2014 Nobel Prize in Physics.1,2   

Additional research efforts were put into the growth and characterization of 

the InGaN alloy after the discovery of the low energy bandgap of InN in 2002,3–5 

which was established at ~0.65 eV. Such low value implies that the direct bandgap of 

InGaN covers a wide spectral range (see Fig. 1.1), from the infrared for InN to the 

ultraviolet for GaN (3.4 eV). Thus, InGaN emerges as a promising candidate to design 

and fabricate novel light-emitting and light-detecting devices, such as LEDs or solar 

cells, operating over a large range of wavelengths.  

Despite the high technological interest of the InGaN alloy and its 

compositional end-members, the optical, electronic and vibrational properties of 
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these compounds are not yet fully understood. In particular, there are still open 

questions with regard to the optical and vibrational properties of InN and InGaN at 

high hydrostatic pressures. With regard to this, we would like to recall that the 

application of high pressures is a highly valuable tool in semiconductor physics, since 

pressure provides a controlled means to tune the fundamental properties of the 

investigated material.6 In particular, high-pressure optical techniques provide a highly 

useful benchmark to test computational models (such as density functional theory) to 

calculate the structural, vibrational or electronic properties of semiconductors. The 

organization of the series of the HPSP (High-Pressure in Semiconductor Physics) 

conferences as a satellite of the International Conference on the Physics of 

Semiconductors (ICPS), sponsored by the International Union of Pure and Applied 

Physics (IUPAP), provides a hint about the importance of high-pressure studies in 

semiconductor science. 

In order to investigate the optical and electronic properties of semiconductors 

at room and high-pressure conditions, optical techniques such as absorption or 

photoluminescence are routinely employed. For instance, absorption experiments 

allow one to measure the optical gaps and observe the direct-to-indirect bandgap 

transition of InN at high pressure,7 which takes place after a wurtzite-to-rocksalt 

phase transition at around 13 GPa. However, there are still open questions with regard 

to the pressure dependence of the bandgaps of InN, like for instance the effect of 

free electrons on the experimental pressure coefficients of the wurtzite polymorph. 

This is also the case of other relevant properties of this compound such as the 

refractive index or the dielectric constants. With regard to rocksalt InN, very few 

works dealing with the high-pressure optical properties of this phase can be found in 

the literature. And, in the case of InGaN, it is not even clear whether the room-

pressure optical emission of the as-grown samples is dominated by band-to-band 

transitions or by localized states, and therefore the interpretation of the high-pressure 

optical experiments is not straightforward. In this case, very scarce information about 

the compositional dependence of the phase-transition pressure and the indirect 

bandgap of the rocksalt phase has been published so far. 
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Raman spectroscopy is now a standard tool for the study of semiconductor 

materials and structures.8 At room pressure, Raman scattering provides a wealth of 

information on crystal quality, strain, composition, sample orientation and even on 

electronic properties and free-carrier effects. At high pressures, information about 

phase stability can be gained, and thermodynamic properties such as the mode 

Grüneisen parameters can be experimentally determined. In the case of InN, several 

high-pressure Raman-scattering studies on InN have been published so far.9,10 

Despite these previous investigations, there are still open questions with regard to the 

high-pressure lattice dynamics of InN, like for instance the pressure-behaviour of the 

large wavevector longitudinal optical (LO) modes, which have been shown to be 

excited through a double-resonance excitation process.11 On the other hand, a 

relatively large dispersion of pressure coefficients and mode Grüneisen parameters 

for both the polar and nonpolar modes of wurtzite and rocksalt InN can be found in 

the literature. The observed discrepancies could be in part related to residual strains 

in the studied epilayers, and therefore it would be interesting to perform high-pressure 

Raman experiments on layers grown on different substrates and/or with different 

levels of residual strain. In the case of heavily doped n-type samples, the coupling of 

LO phonons with free carriers gives rise to the LO-plasmon coupled modes 

Fig. 1.1.  

Upper panel: The solar radiation 
spectra as provided by the American 
Society for Testing and Materials 
(ASTM) as a function of energy. The 
spectra were taken on earth at AM 1.5 
and Earth orbit.  
Bottom panel: The direct (solid 
lines) and indirect (dashed lines) band 
gap energy of III-V semiconductors 
and other important crystals is plotted 
as a function of the in-plane lattice 
parameter. It can be seen that only 
InGaN (highlighted in green colour) 
and InAlN covers most of the solar 
spectral range. Note that the InGaN 
alloy can be grown on a variety of 
substrates (show in grey colour). 
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(LOPCMs). The pressure dependence of the LOPCMs could provide interesting 

information about the electronic structure of InN. With regard to the compositional 

behaviour of the optical phonons of InGaN at room conditions, there are also some 

open questions like, for instance, the effect of strain and lateral compositional 

inhomogeneities on the experimental frequencies of the optical modes. At high 

pressure, no data are available so far with regard to the phonon pressure coefficients 

and mode Grüneisen parameters of InGaN. 

Thus, the aim of this thesis is to gain further knowledge on the high-pressure 

optical and vibrational properties of InN and InGaN. The fundamental properties of 

these materials at room pressure are also revisited when necessary, which is 

particularly relevant in the case of the InGaN alloy, for which special attention is paid 

to the compositional dependence of the optical bandgaps and phonon frequencies. 

 

Objectives of this work 

The aim of this thesis is to deepen the understanding of the optical and vibrational 

properties of both InN and the InGaN ternary alloy at room and high-pressure 

conditions. For this purpose, different spectroscopic techniques such as Raman 

spectroscopy, Brillouin spectroscopy, optical absorption, Fourier transform infrared 

(FTIR) spectroscopy or photoluminescence have been employed to investigate these 

compounds. In the case of high-pressure experiments, the diamond anvil cell 

technique has been used. Structural and lattice-dynamical ab initio calculations based 

on the density function theory (DFT) have also been performed in order to analyse 

and complement the experimental results.  

 

Next, we list the main objectives of this thesis: 

 

 To measure the optical band gap of wurtzite and rocksalt InN as a function 

of pressure and to study the effect of free-electron density on the pressure 

behaviour of the bandgap in the case of the wurtzite phase 
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 To re-evaluate the composition dependence of the band gap of InGaN and 

its pressure dependence 

 To study the pressure dependence of the refractive index and high-

frequency dielectric constant of wurtzite and rocksalt InN 

 To revisit the composition behaviour of the optical phonons of the InGaN 

alloy, evaluating the effect of selective resonance on the frequency of the 

A1(LO) mode and the effect of strain on the frequency of the E2h and 

A1(LO) modes 

 To study the acoustic phonon modes of InGaN epilayers and also in 

InGaN/GaN superlattices at room conditions, with the aim of obtaining 

information about the compositional dependence of the sound velocity 

and elastic constants 

 To experimentally determine the pressure coefficients of the Raman-active 

phonon modes of InN and InGaN and to obtain their corresponding 

mode Grüneisen parameters 

 To investigate the pressure dependence of the LOPCMs in highly-doped, 
n-type InN 
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1.2. Outline of this thesis 

The present thesis is grounded in the results of different studies dealing with the 

optical and vibrational properties, at room and high-pressure conditions, of InGaN 

and InN epilayers and InGaN/GaN superlattices. This thesis is presented as a 

compendium of nine articles that have been published in international journals of the 

first and second quartile. All the work included in these papers has been carried out 

during the thesis period.  

In the next chapter (Chapter 2) the experimental setup of the high-pressure 

experiments performed in this work is described. The results of this thesis are then 

presented in the following chapters (Chapters 3 to 5), entitled “Optical properties of 

InN”, “Vibrational properties of InN” and “Optical and vibrational properties of 

InGaN”. These chapters include a general introduction, where an overview of the 

known physical properties and perspectives of the studied materials is given, as well 

as the theoretical framework behind the work that has been performed. In some cases, 

additional results and analyses are provided in order to support and extend the results 

published in the articles. The articles published after this thesis can be found attached 

to each of the corresponding chapters. The main conclusions reached throughout this 

thesis are listed in the last chapter, entitled “Summary and conclusions” (Chapter 6). 
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CHAPTER 2 

Experimental methods 
 

In the present thesis the optical and vibrational properties of several III-nitride 

semiconductor materials are studied under high-pressure conditions. Throughout this 

work, pressure is applied by using a diamond anvil cell (DAC). This type of cells is 

widely employed in experimental high-pressure physics because they allow 

performing experiments well above 5 GPa and because the diamonds provide optical 

access to the samples, from the far infrared to the ultraviolet spectral range. In this 

thesis, different optical measurements are performed at ambient and high-pressure 

conditions. These techniques are widely employed in materials science, and therefore 

their working principles can be found in any standard textbook. Much less 

information can be found in the literature in relation to high-pressure measurements. 

Thus, in the present chapter we focus on the description of the experimental setups 

for the high pressure optical and vibrational measurements performed in this thesis. 

 

2.1. The diamond anvil cell 

 High-pressure techniques were initially developed during the first decades of 

the 20th century, when Percy W. Bridgman achieved pressures above 105 KgF/cm2 

(~10 GPa). This achievement supposed a large breakthrough taking into account that 

machinery at that time could not overcome 3·103 KgF/cm2. He was awarded (1946) 

with the Nobel Prize in Physics "for the invention of an apparatus to produce extremely high 

pressures, and for the discoveries he made therewith in the field of high pressure physics". A second 

revolution took place in 1959 when the DAC was designed simultaneously by the 

National Bureau of Standards (NBS) and the University of Chicago. Ever since, high-

pressure techniques have been largely developed and incorporated in a large variety 

of experimental methods covering many scientific disciplines.  
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 All the high-pressure experiments presented on this thesis have been 

performed using DACs. The operation of the DAC relies on the very definition of 

pressure, 𝑃 ,  

𝑃 = 𝐹
𝐴

, [2.1] 

where 𝐹  is the force applied to a surface with total area 𝐴. In order to achieve great 

pressures, a moderate force is applied in a large area which is transmitted to a smaller 

area (the anvils), where the sample is located. Diamond, which exhibits an 

exceptionally high hardness, is the best choice material for the anvils. By using DACs, 

pressures up to the megabar (~100 GPa) can be generated. Moreover, the fact that 

diamond is transparent along a wide spectral range, from far infrared to visible and 

UV radiation, allows one to perform in situ spectroscopic measurements at high 

hydrostatic pressures.  

 

 

 

 

           
Fig. 2.1. Schematic representation of the membrane-type DAC. This 
is composed of three independent parts, the piston, and those 
comprising the body: the cylinder and the hood. 
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Experimental setup 

A scheme of the membrane-type DAC as used in this thesis is shown in Fig. 

2.1. It can be seen that the DAC is composed of three independent parts; the piston, 

the cylinder and the hood as it can be seen in the figure. A metallic membrane in the 

hood is responsible of applying pressure to the piston and cylinder. A gasket is set 

between the diamonds; it contains a small hole (~200 μm) in which the sample, the 

ruby and the pressure transmitting medium are located. A cross-section 

representation of the gasket is shown in Fig. 2.1.  

Force generation, anvils and gasket preparation 

Uniaxial pressure is applied to the anvils using pneumatic pressure applied to 

the membrane, as depicted in Fig. 2.1. The gas used in this thesis is helium, which 

prevents metal corrosion. Pressures up to 60 bar are applied to the membrane of the 

DAC. At this membrane pressure values, the pressure inside the DAC is around ~20 

GPa.  

A figure of the pressure-control system is shown in Fig. 2.2. It consists of two 

valves that connect the helium bottle with the DAC membrane via a metallic capillary. 

The first valve is a manorreductor and is used to reduce the ~200 bar down to a 

 
Fig. 2.2. Picture of pressure controller device. The helium from the 
bottle (~200 bar) travels to a second stage of reduced pressure 
(controlled by the regulator, ~60 bar). The pressure in the membrane of 
the DAC (shown in the pressure display) is increased or released using 
needle-type valves. 



2. Experimental methods 
High pressure: The diamond anvil cell 
 

12 
 

pressure ~10 bar above that desired inside the DAC. The second valve is a needle 

valve that allows for a precise regulation of gas flow. In order to prevent damaging 

the DAC, the pressure is never increased or released at a rate higher than 2 

bar/minutes. 

The anvils of the DAC here used are two CVD-grown IIa type diamonds with 

a diameter of 4 mm and a culet size of 480 μm. The diamonds exhibit low 

birefringence and ultra-low fluorescence, which allows performing Raman-scattering 

measurements with low background signal. The Raman active mode of diamond is at 

1332 cm−1; second-order Raman signal below this frequency is very low.  

A picture of the unmounted piston and cylinder is shown in Fig. 2.3. The 

sample and rubies are typically prepared on the diamond of the cylinder, where the 

gasket is fixed with the help of two small tips. Once the pressure transmitting medium 

is poured into the gasket cavity, the piston (bottom picture) slides inside the enclosure 

following a linear guide rail and rests on the top of the gasket, closing the high-

pressure cavity. This process must be carried out carefully and smoothly in order to 

avoid breaking the diamonds by sudden impact. 

The gaskets here used were made of Inconel or steel. Pre-indentations are 

performed by using the DAC in order to decrease the thickness of the central part of 

Fig. 2.3.  
Pictures of the two anvils 
used in this thesis.  
 
Upper picture: Cylinder 
part in which the gasket is 
fit. A guide tip inside the 
enclosure is used to guide 
the piston (bottom 
picture) for the closure. 
 
Bottom picture: Piston 
that slides inside the 
cylinder part. A linear 
guide rail is used to ensure 
that the gasket-diamonds 
relative position is 
maintained after the 
indentation. 
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the gasket down to ~50 μm. Then, a ~200 μm diameter hole is drilled by electrical 

discharge machining (EDM). In general, the lower the thickness the larger the 

pressure it can be reached, but the diameter of the hole can increase or decrease as 

the pressure is increased. Hence, the gasket thickness and hole size values will depend 

on the experimental conditions (such as maximum target pressure or sample size) and 

diamond culet size. 

The device here used for the hole drilling is a Boehler μDriller (easyLab), a 

picture of which is shown in Fig. 2.4. An ocular is used to gain optical access to the 

gasket. For the drilling procedure, the first step is to perform a test hole in the gasket 

away from the indentation; this is done by sweeping the gasket stage with a pivoting 

platform from the optical stage to the drilling stage where an electrode automatically 

drills the gasket by spark eroding. Then, the gasket holder is brought to the optical 

stage, and the position of the crosshair is set to the hole with the help of a positioning 

calibration stage. The XYZ positioning stage is manipulated to bring the crosshair on 

the center of the indentation. Finally, a hole is drilled in the drilling stage and it is 

checked that the hole is well centered on the indentation. 

The pressure-transmitting medium and pressure calibration 

In this thesis, a mixture of methanol-ethanol-water (16:3:1), also referred as 

MEW, has been used as a pressure transmitting medium. This liquid allows 

performing measurements up to 15 GPa with fairly good hydrostaticity. The Raman 

Fig. 2.4.  
Micro-driller used to perform 
the holes in the gasket. A 
pivoting platform is used to 
sweep the sample between the 
drilling stage and the optical 
stage. Calibration screws 
attached to the microscope 
allow to manually align the 
system so that a test hole 
coincides with the microscope 
crosshair. Once the position of 
the hole is well determined, the 
drilling at the center of the 
indentation can be performed.  
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signal from MEW is low but non-negligible for experiments with large acquisition 

times (~30 minutes using a laser power of 100 mW). Raman bands appear in the 

frequencies 884 cm−1, 1034 cm−1 and 1097 cm−1.1 Other liquids can be used as 

pressure transmitting medium, such as noble gases. While these provide a fairly good 

hydrostaticity for pressures beyond 15 GPa, it is more expensive and time consuming 

to load a DAC with these gases. In this case powerful compressors are required to 

liquefy the gas and fill the whole DAC. When the liquid has entered the cell from the 

bottom capillaries depicted in Fig. 2.1, the body is strongly closed so that liquid is 

retained inside the high-pressure cavity. Then, the excessive liquefied noble gas is 

released by decreasing the pressure and the DAC is ready to use. 

It is not possible to stablish a reliable correspondence between the applied 

pressure to the membrane with the pressure inside the DAC. In fact, as expected for 

a quasi-elastic system, an hysteresis curve is found when plotting the membrane 

pressure versus the pressure in the DAC for the upstroke and downstroke cycles. 

Hence, it is necessary to independently measure the pressure inside the DAC. In this 

thesis, the pressure has been determined by the ruby fluorescence method which 

allows one to accurately measure pressures up to 50 GPa.2 This is done by leaving 

small Cr-doped corundum (α-Al2O3) chips (~5 μm diameter) close to the sample 

inside the gasket hole. Under excitation, two emission lines arise from energy levels 

of 3d3 electrons, which are the R1 (694.25 nm) and R2 (692.86 nm) lines. The pressure 

coefficient of these lines is approximately 0.3646 nm/GPa, but it can be calculated 

more precisely by using the following expression for the R1 line,3 

𝑃 = 𝐴
𝐵

[(𝜆/𝜆0)𝐵 − 1], [2.2] 

with the values 𝐴 = 1876, 𝐵 = 10.71 and 𝜆0 = 694.25 nm. 
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2.2. Optical reflectivity and absorption  

As is well known, electromagnetic radiation impinging on a material can be 

reflected (from its surface), transmitted or absorbed. The fraction of energy involved 

in each of these processes receives the name of reflectance, 𝑅, transmittance, 𝑇 , and 

absorptance, 𝐴. Due to conservation of energy  

1 . [2.3] 

These three physical magnitudes clearly depend on photon energy, since the optical 

spectrum of a given material is determined by its fundamental properties. For 

instance, it is well known that absorption processes in semiconductors are determined 

by the gaps within the electronic structure of the material, and therefore the optical 

experiments allow one to measure the energy the optical bandgaps and, in high-

pressure experiments, their pressure dependence. 

 

Experimental setup 

A schematic representation of the experimental setup for optical absorption is 

shown in the panel A of Fig. 2.5. Deuterium, tungsten or halogen lamps have been 

used in this thesis in order to perform absorption, reflectance or FTIR measurements 

in the IR-UV range. A chopper connected to a lock-in amplifier is used to improve 

the signal to noise ration. The aperture diaphragms act as a small focus and spatial 

filter, decreasing parasitic light and fixing the optical axis of the system. A folding 

mirror (FM), allows exciting the ruby in the DAC with a visible laser. A beam splitter 

gives optical access to the sample, so that the 3D stage can be adjusted to focus the 

beam onto the sample or ruby. The pressure is measured from the R1 fluorescence 

line of the ruby. The ruby spectra is measured using a laser beam and an Ocean 

multichannel spectrophotometer connected to the eyepiece with an optical fiber. 

The experimental setup for the reflectivity or transmittance measurements in 

the FIR excitation range is shown in the panel B of Fig. 2.5. Here, gold-coated 90º 

reflective mirrors and Cassegrain-type objectives (15× magnification) have been used. 

A thermal light source (GlobarTM) has been used, coupled with a Michelson FTIR 
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spectrometer (TEO 400 FTIR Module by Science Tech). The exit window is made of 

KBr. The second aperture diaphragm is used to control the size of the IR beam onto 

the sample. The signal is recorded by using nitrogen-cooled mercury-cadmium-

telluride (MCT) detectors. The Diamond is transparent in the 10-100 μm wavelength 

range. Typical low-frequency FTIR measurements are performed using CsI, He, Ne 

or Ar as a pressure transmitting medium, which allow measurements in the 50-1000 

cm−1 window. For the measurements performed in this thesis, KBr has been used, 

which allows measurements in the 400-5000 cm−1 range. 

2.3. Photoluminescence and Raman scattering  

The study of optical emission (luminescence) provides a wealth of information 

about the bandgaps and impurity levels in semiconductor materials and structures. In 

turn, Raman scattering, i.e., the inelastic light scattering by phonons or other 

dynamical excitations in materials, is a powerful, nondestructive technique that allows 

one to obtain information about the crystal quality, composition or the strain state of 

semiconductor compounds. In this thesis we have performed photoluminescence 

 
Fig. 2.5. Panel A; (top) experimental setup for high-pressure optical absorption 
measurements. Panel B; (bottom) experimental setup for high-pressure reflectance 
and transmittance FTIR measurements. 
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(PL) and Raman scattering measurements at ambient conditions and as a function of 

hydrostatic pressure. Next, we briefly describe the typical setup for high-pressure PL 

and Raman experiments.    

 

Experimental setup 

A schematic representation of the experimental setup for PL and Raman 

measurements as used in this thesis (both setups are basically analogue) is shown in 

Fig. 2.6. A microscope is required in order to focus the laser beam into a microscopic 

sample inside the DAC and to collect the optical emission or the inelastically scattered 

radiation. The diameter of the focused laser spot into the DAC is typically around 5 

μm.  

For the PL measurements, single-grating spectrometers have been employed 

in this thesis: i) Jobin Yvon T64000 in single-mode of operation (see below), equipped 

with a liquid nitrogen-cooled CCD; ii) Horiba Jobin Yvon FHR 1000, equipped with 

a Peltier-cooled CCD; iii) USB2000+ spectrometer from Ocean Optics. The 

microscope objective employed in this thesis (Olympus) has a large working distance, 

18 mm, and 50× magnification. A notch filter is positioned before the spectrometer 

in order to subtract the laser wavelength. In turn, most of the Raman experiments 

presented in this thesis have been performed using a T64000 Jobin Yvon 

 
Fig. 2.6.  
 
Schematic representation of 
the experimental setup for 
PL and Raman 
measurements mounted on 
a microscope. The DAC is 
fixed on a 3D stage. The 
optical access to the sample 
and focus of the laser beam 
is achieved by a series of 
beam splitter (BS1 and BS2) 
and a folding mirror (M1). 
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spectrometer. A sketch of this spectrometer is shown in Fig. 2.7. The Jobin-Yvon 

T64000 Raman spectrometer contains three diffraction gratings that can work in the 

three different modes of operation: the double subtractive configuration, the triple 

additive configuration, and the single-stage configuration.  

In the double subtractive configuration, the first grating (G1) in the so-called 

premonochromator stage is used to scatter the light so that an intermediate slit (S1) 

can block the laser light (Rayleigh radiation), which is necessary to protect the detector 

(the CCDs are highly sensitive and could be damaged by intense light beams) and, 

more important, to gain access to scattered wavelengths very close to that of the 

excitation laser. Indeed, the double subtractive configuration allows performing 

measurements in the low-frequency region of the Raman shift (down to 5 cm−1 for 

 
Fig. 2.7. Schematic representation of the T-64000 Jobin Yvon spectrometer 
used for high-pressure Raman measurements. All the equipment is placed on 
an optical table with pneumatic legs to isolate the system from vibrations. 
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visible light). A second grating is used to recompose the rest of (unfiltered) 

wavelengths into the S2 slit. The collected light then enters the third stage 

(monochromator) where the third grating (G3) acts as a simple monochromator.  

In the triple additive configuration, the three gratings (G1−G3) are employed 

to successively disperse and analyse the collected radiation, which is achieved by by-

passing the intermediate slit (S1) through the triple stage (the optical path is shown in 

figure 2.6 as a dashed line). This configuration allows one to perform high-resolution 

measurements (around 0.7 cm−1 for visible wavelengths), in contrast with the 

resolution achieved with the double subtractive configuration (around 2 cm−1). 

Finally, in the single-stage mode of operation, the spectrometer acts as a simple 

monochromator, i.e., the collected light enters into the spectrometer directly through 

the last stage of the spectrometer, where it is dispersed analysed with grating G3.  

In this thesis three lasers have been used to excite the PL and Raman 

measurements: 

  Helium-Cadmium laser (Research Electro-Optics): The emission 

lines are 441.6 nm and 325 nm. A filter is used to select only the 325 

nm line. The output power is <50 mW.  

 Frequency-doubled Nd:YAG diode laser (Spectra Physics): The 

emission line is 532 nm and the output power is < 300 mW. 

 Argon-ion laser (Spectra Physics): The emission lines are 351.1 nm, 

363.8 nm, 454.6 nm, 457.9 nm, 465.8 nm, 476.5 nm, 488.0 nm, 496.5 

nm, 501.7 nm, 514.5 nm, 528.7 nm and 1092.3 nm. One of these lines 

is selected by a prism inside the optical (resonant) cavity.  Then, an 

external plasma filter is used to remove plasma lines around the 

selected excitation line. This is particularly important for Raman 

measurements, which involves very small signals. A popular line in 

Raman scattering is the 514.5-nm line. Typical working powers are 

around 10 mW − 100 mW. In order to avoid laser heating effects, it is 

usually necessary to reduce the output power, which can be 

accomplished by using optical filters. 
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 Helium-Neon laser (Research Electro-Optics): The emission lines 

are 543.5 nm, 593.9 nm, 611.8 nm and 632.8 nm. A filter is used to 

select only the 632.8-nm line. The output power is 35 mW.  

2.4. Brillouin spectroscopy 

Brillouin scattering is a non-destructive technique that allows measuring the 

inelastic scattering of light by acoustic phonons. From this technique valuable 

information on the opto-elastic properties of crystals can be obtained, and the elastic 

stiffness of both liquids and solids can be measured. This technique offers many 

practical advantages over other techniques; it doesn’t require a special sample 

preparation and allows performing measurements on microscopic sample volumes. 

High-pressure4 and high-temperature5 Brillouin experiments can also be performed. 

Since the experimental setup required for Brillouin scattering is comparatively much 

less known than that for Raman or PL, next we will describe with some detail the 

equipment used in this thesis. 

 

Experimental setup 

The high-resolution Brillouin scattering (HRBS) measurements presented in 

this thesis have been performed with a triple-pass tandem Fabry-Perot interferometer 

and using the 514.5-nm line of an Ar+ laser.6 The fundamentals of the working 

principle of a Fabry-Perot interferometer and tandem interferometry are provided in 

this section. 

Detection  

Owing to the fact that the Brillouin setup here used consists of two Fabry-

Perot interferometers that scans the spectrum wavelengths by means of a 

piezoelectric stage, there is no need to use a multichannel detector and the signal is 

recorded by using a single channel detector. For the detection we used a photon 

counting detector (module Perkin Elmer MP series 900+). The signal is displayed in 
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an oscilloscope and stored in a multichannel analyzer (MCA multichannel analyzer). 

The data is then send to a computer that records and process the Brillouin spectra. 

The Fabry-Pérot interferometer 

Brillouin measurements require high spectral resolution (in the order of MHz−GHz) 

and for this reason a Fabry-Pérot interferometer (FP, or etalon) is used. It consists of 

two mirrors facing each other with a spacing 𝑑. The transmission condition will be 

given by, 

𝑑 = 𝑚λ𝑚
2

, [2.4] 

where 𝑚 is an integer and λ𝑚 are the wavelengths that will be transmitted. The spacing 

between two successive transmitted wavelengths, Δλ, is known as the free spectral 

range (FSR), and its ratio to the width of a given transmitted peak is known as finesse, 

F, which is a quality factor that primarily depends on the mirrors flatness (typically 

better than λ/200) and reflectivity (typically R~92-96%).  

From Eq. [2.4], it can be seen that the FP can be used as an spectrometer 

because each wavelength can be scanned by varying the spacing, 𝑑. However, the 

transmission condition is valid for many orders, 𝑚, which makes it difficult to 

unambiguously interpret the resulting spectra. In general, this method only works if 

the whole spectrum is inside the FSR range. Since, Δλ ≈ λ2/2𝑑, a large spectral range 

can be achieved by decreasing 𝑑, but the width of the transmitted peaks increases as 

𝑑 is reduced, hence decreasing the resolution. Therefore, a compromise between 

resolution and spectral range is pursued. The mirror spacing, 𝑑, is minimized so that 

the target Brillouin peak is inside the FSR. The relation between the FSR and mirror 

spacing is given by,  

𝜈(𝐻𝑧) =
𝑐(𝑚𝑠 )
2𝑑(𝑚)

, 𝜈(𝐺𝐻𝑧) ≈ 150
𝑑(𝑚𝑚)

, [2.5] 

where 𝑐 is the speed of light. 
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Tandem interferometry 

There exists one practical solution to increase the FSR without losing 

resolution. It consists in arranging two FPs in series along the optical path, each FP 

has a different thickness, d1 and d2. The beam is sequentially passed through each FP 

three times (with an overall of six pass), as shown in the panel A of Fig. 2.8. A spacing 

d1 − d2 can be found so that one wavelength satisfies the transmission condition (see 

Eq. [2.4]) for both FP simultaneously, which is known as synchronization. A typical 

transmitted spectrum when synchronization is achieved can be seen in the panel A of 

Fig. 2.8. Note that the other four beams are attenuated as a consequence of the 

different FSR of each FP. The peaks will not coincide until several times the FSR of 

FP1, hence by using the tandem system it has been possible to largely extend the FSR 

 
Fig. 2.8. Schematic representation of the arrangement of a tandem triple-pass Fabry-
Perot interferometer in the (A); tandem mode and (B); alignment mode. The transmitted 
beam for each configuration is shown below (the transmission scale is logarithmic). 
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without losing resolution. In order to prevent that the transmitted ghosts of the FP1 

are too obtrusive, similar thickness values d1/d2 ≈ 0.95, are used. 

 In the tandem mode, the scanning, 𝛿𝑑, must be performed synchronously and 

satisfying the amplitude scanning condition 𝛿𝑑1/𝛿𝑑2 = 𝑑1/𝑑2 (typical scanning values 

are in the order of 𝛿𝑑 ≈ 2 μm) for a given FSR. This can be done by fixing one mirror 

of each FP and moving simultaneously the other two in a direction that satisfies the 

amplitude scanning condition. This method allows maintaining a good 

synchronization within an error of 20 Å.  

 Before the tandem mode is operational it is necessary to align the mirrors and 

adjust the relative spacing. This is achieved with a series of piezoelectric transducers 

mounted on the mirrors. As shown in the panel B of Fig. 2.8, the beam is reflected 

on the etalons and directed to the detector. The alignment mode relies on a simple 

principle; when the FP is transmitting the reflected intensity tends to zero. The 

mirrors are completely parallel when the transmitted spectrum exhibit deep bands, as 

shown below the experimental setup, in the panel B of Fig. 2.8. Once the alignment 

is done, the beam splitters, BS1 and BS2, are removed and the system is ready to 

perform Brillouin measurements in the tandem mode. 

Early Brillouin scattering (BS) measurements were limited to transparent 

materials, but after the development of the tandem multi-pass interferometer, opaque 

materials could be studied with the so-called surface Brillouin spectroscopy (SBS).7,8 

A theoretical description of both techniques is given in Chapter 5 for the study of 

InGaN epilayers. 

 

Scattering configurations 

Brillouin or Raman scattering experiments allow one to measure the phonons 

of the center of the Brillouin zone (i.e. the Г point) because the wavenumber of visible 

light (for a backscattering experiment, 𝑘 ≈ 3·107 m−1) is typically three orders of 

magnitude lower than that of the edge of the Brillouin zone (e.g. the A-point of the 

Brillouin zone of InN, 𝑘 ≈ 1010 m−1). Unlike the frequency of optical phonons, which 

exhibit an almost flat dispersion, the acoustic modes exhibit an almost linear 
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dispersion with the wavevector. Around Г, the slope of the acoustic branch 

corresponds to the velocity of the wave in the medium. Hence, the Brillouin shift, 

typically expressed in GHz is given by 

𝜈 = 𝑣 · 𝑄 , [2.6] 

where 𝑣 is the phase velocity of the sound wave with wavevector, 𝑄. Thus, in order 

to determine 𝑣, it is important to precisely know the value of 𝑄. 

Typical Brillouin scattering geometries for bulk acoustic waves are shown in 

Fig. 2.9. The values of 𝑄 for the 90º geometry is 

𝑄 =
√

2𝑛𝑘 , [2.7] 

for the platelet geometry, using the Snell’s law, 

𝑄 = 2𝑛𝑘𝑠𝑖𝑛(𝜃2) = 2𝑘𝑠𝑖𝑛(𝜃1) , [2.8] 

for the reflection scattering geometry, 

𝑄 = 2𝑘√𝑛2 − 𝑠𝑖𝑛2𝜃1 , [2.9] 

and for the backscattering geometry, 

𝑄 = 2𝑛𝑘 , [2.10] 

Fig. 2.9.  
 
Four typical Brillouin 
scattering geometries. (A) 
90º scattering, (B) platelet, 
(C) reflection, (D) 
backscattering. The wave 
vectors of the incident and 
scattered light beam are 
represented with purple 
(blue) arrows outside 
(inside) the sample. The 
resulting acoustic phonon, 

with wavevector 𝑸, is 
represented with an orange 
arrow. 
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where 𝑘 = 1/𝜆, is the wavevector of the incident (scattered) radiation.  

Note that, only the platelet geometry allows measuring the velocity without 

the need to know the refractive index of the medium. In fact, Eq. [2.8] is still valid 

even if the sample is inside a DAC as long as 𝜃1 corresponds to the angle of incidence 

in air. It is also important to note that, for some of these configurations, the flatness 

of the samples is critical, and mechanical polishing might not be sufficient to obtain 

satisfactory results.9  

For an opaque material, surface acoustic waves (SAW) dominate the Brillouin 

spectrum, and the scattering geometry used to measure these modes is backscattering. 

Under this configuration, only the wavevector components parallel to the surface are 

real and the phonon wavevector is given by 𝑄 = 2𝑛𝑠𝑖𝑛(𝜃1)𝑘, where 𝜃1 is the angle of 

incidence with respect to the normal vector of the surface. 
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CHAPTER 3 

Optical properties of InN 
 

3.1. Introduction 

Since the growth of the first wurtzite InN (w-InN) samples,1 the 

determination of the fundamental properties of this compound has been hindered 

by the low crystalline quality of the grown material. Early investigations established 

the fundamental bandgap (𝐸G) of w-InN grown by sputtering techniques2 and 

metalorganic vapor phase epitaxy3 around 𝐸G  ≈ 1.9 eV. Some of the difficulties for 

determining 𝐸G were low PL signal at room temperature, large concentrations of 

oxygen, which might lead to oxynitrides with wide bandgaps,4–6 or the Burstein-

Moss effect which takes place in low-quality, unintentionally n-type doped InN.7 On 

the other hand, important discrepancies arose in theoretical band-structure 

calculations. Typical calculated values of the fundamental bandgap were about 𝐸G ≈

 1.1  eV, as reported by Davydov et al. in 2002 by means of ab initio calculations.8 

With the improvement of the crystal quality of wurtzite InN (w-InN) by means of 

epitaxial techniques, several authors found that the fundamental bandgap was 

around 𝐸G =  0.7 eV in 2002.9–14 Later, the fundamental bandgap was finally 

established at 𝐸G =  0.65 eV at room temperature.6,15,16 

It was then clear that a revision of the electronic band-structure calculations 

and a re-evaluation of the fundamental parameters of InN was needed.17 For this 

reason, large efforts were put into the improvement of growth methods as well as 

the characterization of the electronic, structural, optical and vibrational properties of 

InN.18–25 It was concluded that InN exhibits excellent electronic properties. For 

instance, the effective mass of InN is the lowest amongst all III-V group 

semiconductors. This implies large mobilities (at ambient temperature mobilities of 

of 2200 cm2V−1s−1 have been measured26) and large drift velocities (peak velocities 

around 3·107 cm/s have been reported17). Moreover, InN can be alloyed with GaN 

or AlN, thus making it possible to extend the direct bandgap from IR to the visible 
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and UV energies. Hence, the range of applications of InN and InGaN for 

optoelectronic devices is very wide.  

Since the technological interest of InN is high, it is crucial to accurately 

determine its fundamental properties in order to understand the performance of 

new devices based on this compound. From this perspective, the use of high-

pressure techniques is highly valuable because it enables to gain further insight into 

the optical, structural, and vibrational properties of semiconductors.27 Despite the 

huge amount of research carried out for indium nitride to date, many questions 

remain to be solved regarding the pressure behavior of InN. 

In fact, there are still open issues concerning the high-pressure optical 

properties of wurtzite InN (the stable phase at room conditions). In particular, the 

pressure coefficient of the fundamental direct bandgap has not been precisely 

determined. This is due to difficulties in the measurement by optical techniques. For 

the case of PL measurements, some of these handicaps are radiative impurity bands 

or the presence of high electron concentration effects, which will be explained in 

detail throughout this chapter. Concerning the high-pressure phase (rocksalt), rs-

InN, an indirect bandgap of ≈1 eV was reported.28 Nevertheless, the epilayer 

measured in that work was too thin (500 nm) to obtain an absorbance spectra with 

enough resolution. This fact made it difficult to precisely determine the value of the 

rocksalt indirect bandgap and its pressure dependence.  

The growth of zinc-blende InN has also been demonstrated using molecular 

beam epitaxy on specific substrates.29 Note that while most research is devoted to 

w-InN, some theoretical studies have focused on the electronic properties of the 

zinc-blende structure.30–32 On the other hand, the rocksalt phase of InN is only 

stable at high-pressure. Early theoretical calculations33–37 found a large range of 

values for the transition pressure (5 GPa33 < 𝑃t < 25.4 GPa34), which has been later 

experimentally established around 𝑃t = 13 GPa38–40,28,41,42 by means of X-ray 

diffraction, Raman scattering and optical techniques. The differences in the reported 

experimental values could be explained by biaxial strain arising from the substrate or 

by the low crystalline quality of the investigated samples. In this context, the study 

of high-quality material is necessary to determine 𝑃t more accurately.  
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Another fundamental property of InN that needs further investigation is the 

pressure coefficient of the high-frequency dielectric constant, which has not been 

experimentally measured so far under high pressure. While many efforts have been 

devoted to investigate experimentally and theoretically the DF (DF) of InN at 

ambient conditions,21,43,44 important discrepancies arise regarding its pressure 

dependence. Christensen et al.35 performed band-structure calculations to 

investigate the effect of hydrostatic pressure on the optical and structural properties 

of InN and other III-V group semiconductors. They obtained a relative pressure 

coefficient for the high-frequency dielectric constant of d𝑙𝑛𝜀∞/d𝑃 = −8.6·10−3 

GPa−1, reporting a low bandgap value for InN, 𝐸G ≈ 0.43 eV, slightly below the 

currently accepted value 𝐸G = 0.65 eV. Abbar et al.45 performed first-principle 

calculations and obtained a much higher relative pressure coefficient, of −68.0·10−3 

GPa−1. On the other hand, other first-principle calculations focused on the zinc-

blende structure. These works are also relevant for the evaluation of the 

optoelectronic properties of the wurtzite polytype because both structures are 

closely related (the atomic coordination is four, with similar cohesion energies), with 

similar densities (6.81 for w-InN46 and 6.97 g/cm3 for zb-InN47) and comparable 

bandgaps (0.65 eV for w-InN and ~0.64 eV for zb-InN29). But the relative pressure 

coefficient values reported for zb-InN also show important discrepancies. Wang et 

al.31 found a value similar to that reported by Christensen et al., −7.4·10−3 GPa−1. 

However, other authors30 reported more recently a much larger pressure coefficient, 

−52.0·10−3 GPa−1, closer to the value reported by Abbar et al.45 Note that the 

discrepancies on this parameter are as large as one order of magnitude. Therefore, 

an experimental determination of the pressure coefficient of the high-frequency 

dielectric constant is highly desirable. Moreover, the study of the high-frequency 

dielectric constant allows one gaining a deeper insight into the nature of the 

chemical bonding owing to the fact that the volume dependence of the high-

frequency dielectric constant is related with the ionicity of the material. 

The aim of this chapter is to investigate the high-pressure optical properties 

of w-InN and rs-InN. In particular, we study in some detail the effect of free 

electron density on the high-pressure optical absorption of w-InN. A reevaluation 
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of the indirect bandgap of rs-InN is presented, and a comprehensive study of the 

pressure dependence of the refractive index of both w-InN and rs-InN is carried 

out. In this chapter, we will introduce different conceptual aspects required in the 

discussion of the main results here obtained (Section 3.2), which are then presented 

in Section 3.3 (list of published works). 

 

Goals of this chapter 

 To determine the pressure coefficient of the fundamental bandgap of 

wurtzite InN. 

 To evaluate the effect of electron density on the optical bandgap of 

w-InN and its pressure dependence. 

 To measure the wurtzite to rocksalt transition pressure (𝑃t) by means 

of high-pressure absorption measurements and compare this value 

with reported Raman and XRD measurements. 

 To determine the fundamental indirect bandgap of rs-InN and its 

pressure dependence. 

 To determine the pressure coefficient of the refractive index and 

high-frequency dielectric constant of w-InN and compare the results 

with theoretical determinations published in the literature. 

 To measure the refractive index and high-frequency dielectric 

constant of rs-InN and its pressure coefficient. 

    

List of samples used in this chapter 

In this chapter, high-pressure optical measurements are performed on a set 

of high-quality InN epilayers grown on sapphire (Al2O3) substrates or GaN/Al2O3 

templates, which are listed in Table 3.1. The electron densities, obtained by Hall-

effect measurements, the nominal thickness, and the corresponding substrates are 

displayed in the table.  

In this chapter, high-pressure optical absorption and Fourier transform 

infrared spectroscopy (FTIR) measurements are performed. Note that these samples 
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are ideal for performing optical absorption experiments because the bandgap energy 

of InN with low electron concentration, around 0.7 eV, is much lower than those of 

the substrate materials. On the other hand, the thickest InN layer (sample C) is 

particularly well suited to perform an accurate measurement of the indirect bandgap 

of rocksalt InN because the absorbance spectra are better resolved in thicker 

layers.41 Moreover, the larger thickness of this sample allows detection of multiple 

internal reflections in the IR, which we have used to determine the refractive index 

of w-InN and rs-InN as a function of pressure. 

Sample Structure Ne (·1018 cm 3)
Nominal 

thickness (μm) 

A InN/GaN/Al2O3 2 0.5 

B1 InN/Al2O3 6.5 0.4 

B2 InN/Al2O3 16 0.4 

C InN/Al2O3 0.5 5.7 (3.4) 

D InN/Al2O3 (a-face) 4 0.5 

Table 3.1. List of InN samples used in this chapter.41,42,49,50 Sample A is grown on 
a buffer layer of GaN, and sample D is grown along the a-face crystallographic 
direction. Residual electron concentrations as measured from Hall-effect and 
nominal thickness are shown. Note that the thickness value of the sample C 
reported in Article 3.2. is 3.4 μm, as was optically determined on a small flake 
used for the experiments. This value is lower than the nominal thickness of the 
epilayer (5.7 μm). 
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3.2. Theoretical framework  

Transmission of light in a dielectric medium 

From a macroscopic point of view, the interaction of radiation with matter is 

described by the Maxwell’s equations. The DF, ε(ω), provides a measure of how a 

dielectric medium responds to a frequency-dependent electric field. For a 

homogeneous, isotropic, linear (HIL) medium the DF is, 

𝑫 = ε(ω)𝐄 , [3.1] 

where 𝑫 is the displacement electric field originated by the external electric field 𝑬. 

In general, ε(ω) is a complex second rank tensor. Under the HIL assumption the 

DF is a scalar, 

ε = ε1 + iε2 , [3.2] 

which is related to the complex refractive index, �̃� by 

ε = (𝑛 + i𝜅)2 = �̃�2, [3.3] 

where 𝑛 and 𝜅  are the real and imaginary parts of the complex refractive index, 

respectively. The imaginary part, 𝜅, is also known as the extinction coefficient.  

 Considering that the electromagnetic radiation can be described by plane 

waves propagating along the 𝒌 direction with frequency 𝑤, the electric and magnetic 

fields of the light are, 

𝑬 = 𝑬0e𝑖(𝒌𝒓−𝜔𝑡) , [3.4] 

and, 

𝑯 = 𝑯0e𝑖(𝒌𝒓−𝜔𝑡) , [3.5] 

respectively. The relation of the wavevector in the vacuum, 𝒌0, and the medium, 𝒌, 

is given by, 

𝒌 = �̃�𝒌0 . [3.6] 
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Using Eqs. [3.3] −[3.6], 

𝑬 = 𝑬0e−𝒌𝒓e𝑖(𝑛𝒌0𝒓−𝜔𝑡) , [3.7] 

The transmitted electromagnetic flux intensity inside a medium can be calculated 

with Poynting’s theorem, 

ΦT = |𝑬 × 𝑯∗| = 𝑬0𝑯0e−2𝜅𝒌0𝒓 = Φ0e−2𝜅𝒌0𝒓 , [3.8] 

where Φ0 is the incoming flux; the absorption coefficient can then be defined as, 

α = 4𝜋𝜅
𝜆0

. [3.9] 

For an arbitrary direction, 𝒓 ̂, the transmittance of the medium is just, 

T = (1 − R)ΦT
Φ0

= (1 − 𝑅)𝑒−𝛼𝑑 . [3.10] 

At energies below the bandgap semiconductor materials are transparent, 𝛼 = 0 and 

therefore T = (1 − R). The transmittance and reflectance spectra can then be 

readily obtained by using the Fresnel equation 

R , [3.11] 

where 𝑛1 and 𝑛2 are the refractive index outside and inside the medium respectively, 

which is real in transparent materials. 

 However, when the energy of the photons is higher than the electronic 

bandgap, the material becomes opaque and 𝛼 ≠ 0. In this case, if the reflectivity is 

not strongly dependent on the frequency, from Eq. [3.10] it can be seen that the 

transmission spectra will basically depend on 𝛼(𝜔). 

Optical absorption in semiconductors 

The fundamental absorption in a semiconductor refers to the transition of an 

electron in the maximum of the valence band to the minimum of the conduction 

band by an incident photon. The lineshape of the fundamental absorption edge will 
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thus depend on the shape of the electronic structure of the conduction and valence 

bands around the fundamental bandgap, of energy 𝐸𝑔. The absorption coefficient is 

defined as the power lost from the incident beam per unit volume and per unit of 

incident flux of electromagnetic energy, 

𝛼(ℎ𝜈) = (ℎ𝜈) × 𝑃
|𝑺|

, [3.12] 

where 𝑺 is the Poynting vector, which is related to the incident electromagnetic flux, 

and 𝑃  represents the number of transitions per unit of volume and time. 

Typically, the optical bandgap of semiconductor crystals may be obtained 

from the experimental 𝛼(ℎ𝜈) curves by representing a so-called Tauc plot,48 which 

is based in the fact that the absorption coefficient of semiconductors depends on 

photon energy as 

𝛼(ℎ𝜈) = 𝐵
ℎ𝜈

(ℎ𝜈 − 𝐸𝑔)𝑛 , [3.13] 

where B is the Tauc coefficient, ℎ𝜈 the energy of the photon and 𝑛 is a parameter 

that depends on the nature of the electronic transitions. For direct bandgap 

semiconductors 𝑛 = 1/2 , while for the case of indirect bandgap 𝑛 = 2 (see the next 

subsections).  

Direct bandgap absorption 

Electric dipole transitions, which are responsible for absorption in 

semiconductors, can be described within time-dependent perturbation theory.49 

Assuming that the electronic transition is allowed, the transition probability, 𝑃 , per 

unit of time of a photon with energy ℎ𝜈 is given by Fermi’s Golden Rule: 

𝑃 = 2𝜋
ℏ

|⟨𝑣|𝐻𝑒𝑚|𝑐⟩|2𝑔(𝜔) = 2𝜋
ℏ

(
𝑒

𝑚𝑐
)

2
|𝐴||⟨𝑣|𝑝|𝑐⟩|2𝑔(𝜔), [3.14] 

where ⟨𝑣| and |𝑐⟩ are the initial (valence band) and final (conduction band) states 

involved in the absorption process, 𝑔(𝜔) is the joint density of states, and 𝐻𝑒𝑚 is the 

electromagnetic interaction Hamiltonian, which depends on the vector potential 
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𝑨(𝒓, 𝑡). Note that the matrix element of Eq. [3.14] has been derived under the 

electric dipole approximation. The joint density of states for an 𝑀0 critical point 

(direct bandgap) is49 

𝑔(𝜔) = 1
2𝜋2 (

2𝜇
ℏ2)

3
2
√ℎ𝜈 − 𝐸𝑔 , [3.15] 

where 𝜇 is the reduced mass. From Eq. [3.12] it follows that 

𝛼(ℎ𝜈) ∝ 1
ℎ𝜈 √ℎ𝜈 − 𝐸𝑔 , [3.16] 

thus obtaining Eq. [3.13] with 𝑛 = 1/2. 

Indirect bandgap absorption 

For an indirect bandgap transition process the energy and momentum must 

be conserved. Hence, the participation of a phonon is necessary. The conservation 

of momentum is achieved by the emission or absorption of one phonon with the 

momentum, 𝒒, 

±𝒒 = 𝒌𝑣 − 𝒌𝑐 , [3.17] 

where 𝒌𝑣 and 𝒌𝑐 are the momentum of the electron in the valence and conduction 

bands respectively. The photon momentum has been neglected in Eq. [3.17] (dipole 

approximation). The condition for conservation of energy is given by, 

ℎ𝜈 = 𝐸𝑐𝑣 ± 𝐸𝑝 , [3.18] 

where 𝐸𝑝 is the phonon energy and 𝐸𝑐𝑣 the difference in energy between the 

conduction and valence band edges. 

The indirect absorption is a second order process and therefore the 

transition probability is given by 

𝑃 = 2𝜋
ℏ

∣∑
⟨𝑐∣𝐻𝑒𝑝∣𝑖⟩⟨𝑖|𝐻𝑒𝑚|𝑣⟩

𝐸𝑖0 − ℎ𝜈𝑖
∣
2

𝑔(𝜔) , [3.19] 
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where 𝐻𝑒𝑝 is the electron- phonon interaction Hamiltonian. It can be proven that 

the joint density of states satisfying Eq. [3.17] is,49 

𝜔 ∝ ℎ𝜈 − 𝐸𝑐𝑣 ± 𝐸𝑝
2 . [3.20] 

Taking into account that the probability of absorption must be proportional to the 

Bose-Einstein occupation factor for the phonons involved in the process, 

𝑛(ℎ𝜈) = 1
exp(ℎ𝜈/𝑘𝐵𝑇 ) − 1

, [3.21] 

the absorption coefficient is 

𝛼(ℎ𝜈) ∝ [𝑛 × (ℎ𝜈 − 𝐸𝑐𝑣 + 𝐸𝑝)2 + (𝑛 + 1) × (ℎ𝜈 − 𝐸𝑐𝑣 − 𝐸𝑝)2] , [3.22] 

which is just Eq. [3.13] with 𝑛 = 2. 

 

Reflectivity in a thin film 

Semiconductor materials and structures are often produced with epitaxial 

techniques, which is the case of the samples studied in this thesis. As a consequence, 

the typical thickness of the grown layers is of the order of a few hundreds of 

nanometers. Hence, in optical experiments it is important to consider interference 

effects. Next, we discuss the effect of interference on the reflectance of thin films. 

The interferences that occur when light passes through a thin film are 

schematically shown in Fig. 3.1. In general, the reflectance spectra will exhibit an 

interference pattern with maxima and minima that result from constructive or 

destructive interference of light. The condition of constructive or destructive 

interferences for the reflected light depends on the refractive indexes of the layer 

and the surrounding mediums (typically air and the substrate). Following the scheme 

of Fig. 3.1, there are two cases: 

In the first case, 𝑛3 > 𝑛2 > 𝑛1. The constructive interference condition takes 

place when the difference in optical path is a multiple of the wavelength inside the 

thin film, 
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mλ𝑚𝑎𝑥 cos 𝜃 = 2𝑛2𝑑 , [3.23] 

and, conversely, the destructive interference condition is 

(m − 1
2
)λ𝑚𝑖𝑛 cos 𝜃 = 2𝑛2𝑑 , [3.24] 

where m is an integer (the order of interference) and 𝜃 = 𝛼2/2 (see Fig. 3.1).  

When 𝑛2 > 𝑛1 and 𝑛2 > 𝑛3, the constructive interference condition is  

(m − 1
2
)λ𝑚𝑎𝑥 cos 𝜃 = 2𝑛2𝑑 [3.25] 

and 

mλ𝑚𝑖𝑛 cos 𝜃 = 2𝑛2𝑑 [3.26] 

for destructive interference, because a change of phase of 180º takes place when 

light is reflected on a surface with larger refractive index than that of the preceding 

medium. In general, the refractive index is affected at the relevant spectral regions 

by the vibrational and electronic excitations in the material. For instance, for the 

case of infrared reflectivity measurements, the real part of the DF due to the 

phononic contributions can be taken as 

ε1 = 𝜀∞ + (𝜀0 − 𝜀∞) 𝜔𝑇𝑂
2 (𝜔𝑇𝑂

2 − 𝜔2)
(𝜔𝑇𝑂

2 − 𝜔2)2 + 𝛾2𝜔2 , [3.27] 

and the imaginary part, 

ε2 = (𝜀0 − 𝜀∞)𝜔𝑇𝑂
2 𝜔𝛾

(𝜔𝑇𝑂
2 − 𝜔2)2 + 𝛾2𝜔2 , [3.28] 

where 𝜀∞ and 𝜀0 are the high and low frequency dielectric constants, respectively, 

and 𝛾 is a phenomenological damping constant that takes into account the finite 

lifetime of the phonons. As discussed above, the real and imaginary parts of the DF 

and the complex refractive index are related through Eqs. [3.2] and [3.3].  

 For quasi-normal incidence, the amplitude reflection and transmission 

coefficients are, 
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r1 = 𝑛1 − 𝑛2
𝑛1 + 𝑛2

, r2 = 𝑛2 − 𝑛3
𝑛2 + 𝑛3

, 𝑟2
′ = 𝑛2 − 𝑛1

𝑛1 + 𝑛2
, 𝑡1 = 2𝑛1

𝑛1 + 𝑛2
, 𝑡2 = 2𝑛2

𝑛1 + 𝑛2
, [3.29] 

as derived from the Fresnel equations. Now, considering the multiple beam 

interference depicted in Fig. 3.1, the amplitude of reflected electromagnetic 

radiation is given by50 

𝐸0,𝑟 = 𝐸0[𝑟1 + 𝑡1𝑡2𝑟2𝑒−2𝛼𝑑−𝑖𝛿 + 𝑡1𝑡2𝑟2(𝑟2𝑟2
′ )𝑒−4𝛼𝑑−2𝑖𝛿 + ⋯ ]𝑒𝑖𝜔𝑡 , [3.30] 

where 𝛿 is the contribution to the phase arising from an optical path length 

difference between adjacent beams, 𝛿 = 4𝜋𝑛𝑑/𝜆; note that a 𝜋 term should be 

added if the phase changes from r2 and 𝑟2
′  do not compensate each other. Eq. [3.30] 

can be rewritten as 

, . [3.31] 

The summation is just a geometric series that converges (as long as |𝑟2𝑟2
′ 𝑒−2𝛼𝑑| < 1 

which is satisfied in this case) and therefore 

𝐸0,𝑟 = 𝐸0 [𝑟1 + 𝑡1𝑡2𝑟2𝑒−2𝛼𝑑−𝑖𝛿

1 − 𝑟2𝑟2
′ 𝑒−2𝛼𝑑−𝑖𝛿] 𝑒𝑖𝜔𝑡 . [3.32] 

 
Fig. 3.1.  Schematic representation of multiple interferences in a 
Fabry-Perot cavity. Three different mediums are considered. The 
transmitted beams are represented with blue arrows and the 
reflected beams with green arrows in an almost normal incidence. 
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The reflectivity for a thin film is then 

𝑅𝑡𝑓 = ∣𝑟1 + 𝑡1𝑡2𝑟2𝑒−2𝛼𝑑−𝑖𝛿

1 − 𝑟2𝑟2
′ 𝑒−2𝛼𝑑−𝑖𝛿∣

2

. [3.33] 

Similarly, the transmittance (taking 𝑛1 = 𝑛3) is 

𝑇𝑡𝑓 = (1 − 𝑅)2𝑒−𝛼𝑑

1 − 𝑅2𝑒−2𝛼𝑑 , [3.34] 

where 

𝑅 = ∣�̃�2 − �̃�1
�̃�1 + �̃�2

∣
2

. [3.35] 

To illustrate all this, we have calculated by using Eq. [3.33] the reflectance 

spectra in the far IR of a 300 nm thick InGaN epilayer grown on a Si(111) substrate 

and that of a 5 μm thick GaN thin film grown on a Al2O3 substrate. The calculated 

curves are shown in Fig. 3.2. For the case of the calculation performed on the GaN 

thin film, it can be seen that the reflectivity approaches 100% between the TO and 

LO phonon energies, which is the well-known Reststrahlen effect. The experimental 

results are plotted in dashed lines, and good agreement is found in both cases. 

 

 

 

 

Fig. 3.2.  
Reflectance spectra of a 5 μm 
thick GaN thin film grown 
sapphire (green lines) and a 
300 nm thick In0.19Ga0.81N 
epilayer grown on Si(111) (blue 
lines). Experimental data is 
shown with straight lines and 
calculations with dashed lines. 
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Electronic density effects on the optical properties 

The bandgap of an n-type doped semiconductor material is affected by two 

important mechanisms. These are the Burstein-Moss effect (BM) and the bandgap 

renormalization effect (BGR). For the case of InN, these effects might be very 

important because native defects in InN can lead to electron densities much higher 

than 𝑁e =  1019 cm−3.17 To some extent this is a consequence of the fact that in InN 

the Fermi-stabilization energy is above the Fermi level of intrinsic InN. This implies 

(as accounted for by the amphoteric defect model) that native defects are mostly 

donor-like, resulting in an overall increase of the residual electron 

concentration.51,52,53 

The exceedingly high 𝑁e results in an electron population of the lower states 

of the conduction band, thus pushing up the Fermi energy (EF). For an optical 

absorption experiment this phenomenon increases the energy of the bandgap 

absorption edge through the so-called Burstein-Moss effect. On the other hand, the 

Coulomb interaction between electrons and impurity states result in an overall 

decrease of the bandgap as described by the bandgap renormalization effect. These 

effects are schematically shown in Fig. 3.3. The figure allows comparing the 

electronic band dispersion between an intrinsic (left panel of Fig. 3.3) and an n-type 

(right panel of Fig. 3.3) direct bandgap semiconductor. Following the scheme of Fig. 

3.3 it can be seen that the bandgap energy (𝐸G) decreases for increasing electron 

concentration as a consequence of the BGR effect. The grey shadow in Fig. 3.3 

represents the population of the electron carriers in the conduction band up to the 

Fermi energy (𝐸F). Thus, it is possible to define an optical gap for a degenerate 

semiconductor as 𝐸opt = 𝐸G + 𝐸BM + 𝐸BGR. The optical bandgap can be 

measured from absorption or luminescence experiments.11 

For the case of an optical absorption experiment, the absorption edge 

corresponds to the optical bandgap and not the fundamental bandgap because, as 

implied by Pauli’s exclusion principle, the photoexcited electrons cannot populate 

occupied energy levels in the conduction band and hence can only be excited above 

the Fermi level. Similarly, the PL peak energy also increases, but in this case other 

factors such as the participation of localized band tail states on the emission process 
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might importantly determine the lineshape of the emission spectra.11,16,54–56  

In order to extract the fundamental bandgap from an absorption experiment 

on an n-type semiconductor it is necessary to know the position of the Fermi level. 

At low temperature, the Fermi level can be directly obtained from the Fermi 

wavevector, 𝑘𝐹 , through the conduction band dispersion, 𝐸(𝑘), where 𝑘𝐹 =

(3π2𝑁e)1/3. The Burstein-Moss shift is just ∆𝐸𝐵𝑀 = 𝐸(𝑘𝐹 ). For a general non-

parabolic semiconductor, the conduction band dispersion can be expressed using a 

Kane’s two-band 𝒌 · 𝒑 model,57 which reads  

𝐸(𝑘) = ℏ2𝑘2

2𝑚𝑒
+ 1

2
(√𝐸G

2 + 4𝐸P
ℏ2𝑘2

2𝑚𝑒
− 𝐸G) , [3.36] 

where 𝐸𝑃 = 2𝑃 2/𝑚 is the momentum matrix element for interband transitions. For 

InN at room temperature, Wu et al.58 used 𝐸𝑃 ≈  10 eV. Given that the effective 

mass 𝑚∗/𝑚𝑒 ≈ E𝐺/E𝑃 ,59 the Eq. [3.36] can be rewritten as,19 

𝐸(𝑘) = 𝐸G
2

(√1 + 4
𝐸𝐺

ℏ2𝑘2

2𝑚∗ − 1). [3.37] 

 
Fig. 3.3. Panel (A): Schematic representation of the valence and conduction band electronic 
dispersion for an intrinsic direct band gap semiconductor. Panel (B): The electronic bands are 
shifted for a degenerate semiconductor as a consequence of the BGR effect. Electrons occupy 
the lowest states of the conduction band up to the Fermi energy (EF). The optical band gap 
(Eopt) is defined as the sum of the BGR, BM and fundamental bandgaps. 
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Note that the first term of Eq. [3.36] is neglected, which is valid for semiconductors 

with small effective mass. This can be deduced from the Taylor expansion of Eq. 

[3.37] which results in the parabolic approximation 𝐸(𝑘) ≈ ℏ2𝑘2/2𝑚∗, larger than 

the first term of Eq. [3.36], ℏ2𝑘2/2𝑚𝑒 for semiconductors with small effective mass 

𝑚∗ ≪ 𝑚𝑒. Hence, using ∆𝐸𝐵𝑀 = 𝐸(𝑘𝐹 ) the Eq. [3.37] can be used to evaluate the 

Burstein-Moss shift for small bandgap semiconductors at low temperatures. Along 

this thesis, an effective mass of 𝑚∗/𝑚𝑒 =  0.7 and a fundamental bandgap of 𝐸𝐺 =

 0.65 eV are used for InN. 

 The effect of the non-parabolicity of the electronic dispersion (Eq. [3.37]) of 

InN on the BM shift is significant for electronic densities higher than 1018 cm3.58 

This can be seen in Fig. 3.4 where the BM shift as calculated with the parabolic 

(dotted red line) and the non-parabolic (dashed red line) approaches is compared. 

From this figure it can be seen that for an electron concentration of 1019 cm3, the 

Burstein Moss shift is ~20% lower for the non-parabolic case (∆𝐸𝑜𝑝𝑡 = 216 meV) 

with respect the parabolic approach (∆𝐸𝑜𝑝𝑡 = 242 meV).  

In addition to the non-parabolicity effect, the thermal effects on the optical 

gap energy are significant and cannot be neglected. The Fermi level for an n-type 

semiconductor with a free electron concentration (𝑁𝑒), at a certain temperature (𝑇 ) 

is given by the Fermi-Dirac statistics,45 

𝑁𝑒 = ∫ 𝑔(𝐸) 𝑑𝐸
𝑒(𝐸−𝐸F)/𝑘B𝑇 + 1

∞

0
, [3.38] 

where 𝑘B is the Boltzmann constant and 𝑔(𝐸) is the density of states of the 

conduction band which can be calculated from Eq. [3.37], 

𝑔(𝐸) =
√

𝐸
2𝜋2 (2𝑚∗

ℏ2 )
3
2
(1 + 2𝐸

EG
)(1 + 𝐸

EG
)

1
2
. [3.39] 

From equation [3.39] it can be seen that the Burstein-Moss shift is particularly 

important for semiconductors with low effective mass. This is because the free 

electrons populate higher energy levels as a consequence of the reduced density of 

states of the conduction band, which results in an increase of the Fermi level. For 
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the case of InN, and assuming an effective mass of 𝑚∗ = 0.07𝑚𝑒,58 an electron 

concentration of 1·1019 cm−3 yields a Burstein-Moss shift as high as 187 meV.58 

 The dependence of the Fermi level with electron density at room 

temperature is plotted as a straight red line in Fig. 3.4. As it can be seen in the 

figure, the experimental results are not reproduced from the Burstein-Moss shift 

calculations alone (red curves in Fig. 3.4) because the BGR effect must also be 

considered.  

As schematically shown in Fig. 3.3, the BM shift of the optical bandgap is 

partly compensated by the BGR effects. The later decreases the bandgap energy 

when the electron density is increased. This is caused by the Coulomb interaction 

between electrons in the conduction band ∆𝐸𝑒−𝑒 and also between electrons and 

ionized donor impurity states ∆𝐸𝑒−𝑖.58,60,61 Neglecting thermal effects, the electron-

electron contribution to the bandgap renormalization is 

 
Fig. 3.4. Room-temperature absorption edge energy shift as a function of electron densities as 
measured by Wu et al.57 (circles) and in this work (crosses, samples C and B2). The solid black 
line is the optical band gap obtained from the sum of the Fermi level at T = 300 K (solid red 
line) and the BGR effect (blue line). The dashed black line is the optical band obtained from 
the sum of the BM shift calculated assuming a non-parabolic dispersion of the conduction 
band (dashed red line) and the BGR effect. A calculation of the BM shift assuming a parabolic 
dispersion of the electronic band is shown as a dotted red line.   
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∆𝐸e-e = − 2𝑒2𝑘F
4𝜋2𝜀0𝜀𝑟

− 𝑒2

8𝜋𝜀0𝜀𝑟
√𝑘F

𝑎B
[1 − 4

π
arctan(√𝑘F𝑎B)] , [3.40] 

where 𝑎B = 4𝜋𝜀ℏ2

𝑚∗𝑒2 = 0.53𝜀𝑟𝑚𝑒/𝑚∗ is the Bohr radius, in angstroms. The 

contribution to the electron-ion interaction band shift is given by the expression 

∆𝐸e-i = − 𝑒2𝑁𝑒
√

𝑎B

𝜀0𝜀𝑟𝑘F
3/2 . [3.41] 

The BGR variation of energy versus electron density has been plotted (blue line) in 

Fig. 3.4 using Eq. [3.40] and Eq. [3.41] taking 𝑚∗/𝑚𝑒 = 0.07 and 𝜀𝑟 = 11.75.62 It 

can be seen that after adding the BM and BGR terms (black lines) the experimental 

optical bandgap energies are well adjusted. In particular, the calculations that also 

include thermal effects reproduce the experimental data remarkably well (see 

straight black line in Fig. 3.4). 

 

Pressure dependence of the optical bandgap 

To the date, a large amount of studies dealing with the pressure dependence 

of the optical bandgap of wurtzite InN and InGaN by means of absorption and 

luminescence measurements have been published.16,63–66 Nevertheless, more 

research is needed in order to accurately determine the fundamental bandgap and its 

pressure dependence. For instance, it has been observed that the bandgap pressure 

coefficient as measured by PL is significantly lower than the pressure coefficient of 

the absorption band edge.63,66 Some authors attribute this result to the fact that the 

PL emission arises from radiative recombination from localized impurity states,66 

which are almost pressure independent. On the contrary, other authors conclude 

that the PL emission for InN and InGaN has a band-to-band character as they 

measure significantly higher pressure coefficients, in agreement with absorption 

measurements.67 Aside from impurity-states emission, Kaminska et al. showed that 

the optical pressure coefficient (𝑑𝐸opt/𝑑𝑃 ) in InN depends on the free electron 

density.16  
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An accurate description of the dependency of the 𝑑𝐸opt/𝑑𝑃  on the electron 

density would allow to better determine the pressure dependence of the 

fundamental bandgap of intrinsic InN. As introduced in the previous section, the 

optical bandgap can be expressed as a sum of three terms 𝐸opt = 𝐸G + 𝐸BM +

𝐸BGR. Under high pressure it is expected that the BM term plays an important role 

as a consequence of its strong dependency with the effective mass, as shown later in 

this section. Note that the density of states of the conduction-valence electronic 

dispersion is expected to increase with pressure as a consequence of the fact that the 

effective mass also increases with pressure. This can be seen in Fig. 3.5, where the 

electronic dispersion is schematically shown for an n-type direct bandgap 

semiconductor at room pressure (left panel) and high pressure (right panel). It can 

be seen that the fundamental bandgap (EG) increases more than the optical bandgap 

(Eopt) because more states are available for the electron carriers at the bottom of the 

conduction band and the Fermi level decrease with respect the bottom of the CB. 

In Fig. 3.5 the low dependence with pressure of the impurity states is also shown.  

Therefore the pressure dependence of the optical bandgap can be simply 

written as16  

 
Fig. 3.5. Schematic representation of the electronic band dispersion for a n-type direct band 
gap semiconductor at zero pressure (left panel) and high pressure (right panel). It can be seen 
that the band gap (ΔEG) increases with pressure more than the optical gap (ΔEopt) as a 
consequence of the increase in effective mass. The increase of the energy of local states (ΔEi) is 
small.  
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𝑑𝐸𝑜𝑝𝑡

𝑑𝑃
= 𝑑𝐸𝐺

𝑑𝑃
+ 𝑑𝐸𝐹

𝑑𝑃
, [3.42] 

where 𝑑𝐸F/𝑑𝑃  at 𝑇  > 0 K must be solved numerically from Eq. [3.38]. Note that 

the pressure-dependent terms of Eq. [3.38] are the fundamental bandgap and the 

effective mass.  

The pressure dependence of the bandgap can be taken as 

𝐸G(𝑃) = 𝐸G(0) + 𝑎G𝑃 , [3.43] 

where 𝑎G is the band gap pressure coefficient. The pressure-dependence of the 

effective mass can be estimated from the k·p approximation,59 

1
𝑚∗ = 1

𝑚𝑒
+ 2

𝑚𝑒
2𝑘2 ∑ |〈𝑢𝑚|𝒌 · 𝒑|𝑢𝑛〉|2

𝐸𝑚 − 𝐸𝑛𝑚≠𝑛
, [3.44] 

where 𝒌 is the wavevector of the reciprocal space, 𝒑 is the electron wavevector, 𝐸𝑚 

are the zone-centre energy bands, and 𝑢𝑛 is the eigenfunction of the Schrödinger 

equation with the periodicity of the lattice. Note that, for small gap semiconductors 

such as InN, the first term of Eq. [3.44] is negligible with respect the last one. 

Assuming that the matrix elements of Eq. [3.44] are independent of the pressure it is 

found that the effective mass is proportional to the bandgap. Thus, the dependency 

of the effective mass with pressure can be simply evaluated as 

𝑚∗(𝑃) ≈ 𝑚∗(0)𝐸G(𝑃)/𝐸G(0) , [3.45] 

The validity of Eq. [3.45] can be contrasted by comparing the relative pressure 

coefficient of the effective mass, 𝛾 = d𝑙𝑛 𝑚∗

d𝑃 , with experimental values. Taking the 

fundamental bandgap of InN, 𝐸G(0) = 0.65 eV, and the pressure coefficient of the 

bandgap, 𝑎G = 32 meV/GPa as obtained in this thesis (see Article 3.1 in the results 

section of this chapter) at room temperature, we get 𝛾 ≈ 0.05 GPa−1, in good 

agreement with the experimental value 𝛾 = 0.056 GPa−1 reported68 for a sample of 

relatively low electron density (4.2·1017 cm−3).  

 The pressure dependency of the effective mass is evaluated using Eq. [3.45] 

and 𝑚∗= 0.07𝑚𝑒 as determined by infrared reflection experiments reported 
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elsewhere.58 This allows us to calculate the 𝑑𝐸opt/𝑑𝑃  as a function of electron 

density. As it is reported in the results section (see Article 3.1) the calculated 

pressure coefficient of the optical gap for InN at 300 K decreases from 30.5 

meV/GPa down to 22.7 meV/GPa for electron densities 1017 cm−3 and 1020 cm−3, 

respectively. This result is in good agreement with the high-pressure optical 

experiments performed in this thesis (Article 3.1).   

However, it has to be noted that the calculation here performed neglects the 

effects of the BGR described in the previous section. Next it is shown that the BGR 

effect is smaller than the experimental error and can be, therefore, neglected.  

The evaluation of the BGR effect on the 𝑑𝐸𝑜𝑝𝑡/𝑑𝑃  requires the knowledge 

of the pressure dependence of the low frequency dielectric constant. The pressure 

dependency of the static dielectric constant is evaluated from the Lydanne-Sachs-

Teller relation. This relates the phonon frequencies of the polar modes with the 

dielectric constants, as shown later in this chapter (see Eq. [3.57]). The pressure 

coefficients of the A1 phonon modes of InN have been taken from the results 

presented in Chapter 4, these are 𝑑𝜔𝐴1(𝑇𝑂)/𝑑𝑃 = 5.3 and 𝑑𝜔𝐴1(𝐿𝑂)/𝑑𝑃 = 4.8. The 

pressure dependency of the high-frequency dielectric constant needed to solve the 

Lydanne-Sachs-Teller relation is taken from the values measured by high-pressure 

FTIR measurements (more information on the experiment and analysis are detailed 

in the results section of this chapter, see Article 3.2.), 𝜀∞(𝑃) = 6.7 + 6.2 · 10−2𝑃 . 

In general, the BGR effect on 𝑑𝐸𝑜𝑝𝑡/𝑑𝑃  is lower than the BM effect for 

heavily doped semiconductors. For instance, solving Eqs. [3.36], [3.40] and [3.41] 

for a sample with an electron density of 1.6·1019 cm−3 one finds that the BGR 

increases the optical pressure coefficient ≈3.1 meV/GPa, which is smaller in 

absolute terms than the BM effect, around ≈−5.7 meV/GPa for the same electronic 

density. Owing to the fact that the experimental error for a typical high-pressure 

absorption experiment is in the range of ≈2 meV/GPa, the pressure coefficient of 

the fundamental bandgap can be evaluated by considering only the BM contribution 

to the optical bandgap. Considering only the BM effects on the optical bandgap as 

described in this chapter, the pressure coefficient of the fundamental bandgap of 

intrinsic InN has been fitted for the experimental results obtained from a set of 
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samples with different doping values (shown in the Table 3.1). As is found in this 

thesis (see Article 3.1), a pressure coefficient of 𝑎G = 32 meV/GPa has been 

obtained for intrinsic wurtzite InN. The value here reported is in good agreement 

with many-body perturbation-theory calculations that predict a pressure coefficient 

in the range 28−33 meV/GPa.69 

 

Phase transition and electronic structure 

The optoelectronic properties of a crystalline semiconductor are closely 

related with its chemical composition, crystal phase, interatomic distances and the 

nature of the chemical bonding. Performing high-pressure experiments allow 

gaining insight into the relation between the optoelectronic properties and the 

crystal structure. For instance, it has been shown that the ionicity importantly 

determines the high-pressure phase for semiconductors of the form ANB8−N, where 

A and B are metals or metalloids and N is the number of valence electrons of the 

cation.70,71 For the case of InN (N = 3), XRD high-pressure measurements revealed 

that the wurtzite structure undergoes a phase transition to the rocksalt structure 

around ~12 GPa.71 In turn, trends of the electronic structure in relation with the 

crystal phase have been observed for many binary semiconductor compounds; for 

the case of InN, the indirect bandgap of the rocksalt polymorph (rs-InN) of InN 

was theoretically predicted.35,36,72 Owing to the fact that rs-InN can only be obtained 

after the phase transition (this phase remains metastable down to 4 GPa42 and no 

other phase transition has been observed up to 50 GPa40), high-pressure optical 

absorption experiments were necessary to experimentally confirm the indirect 

nature of the bandgap of this phase.28 In general, the study of the electronic 

structure of different crystalline compounds is highly desirable in order to better 

understand the phase diagram and electronic structure of novel high-pressure 

polymorphs.  

Numerous high-pressure X-ray structural studies on tetrahedral 

semiconductors found that compounds of the form ANB8−N typically undergo a 

phase transition to a six-fold coordinated phase having either the rocksalt or the β–
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Sn crystal structure.70,73,74 The former takes place for semiconductors exhibiting 

large ionicity while the latter is adopted by more covalently bonded compounds. 

Moreover, theoretical calculations suggested that compounds with large ionicity 

entails decreased transition pressures.71,75 These trends has been confirmed for one 

of the most ionic III-V semiconductors, InN. At ambient conditions, indium nitride 

can be stabilized in either the tetraedrically bonded wurtzite or zinc blende phases 

(w-InN and zb-InN, respectively), and at high pressure undergoes a phase transition 

to the six-fold coordinated rocksalt phase.  

In this thesis we report that the rocksalt phase polymorph of InN exhibits an 

indirect electronic gap,28 whose energy has been stablished by means of absorption 

measurements at 0.7 eV for a pressure of 15 GPa (see Article 3.1 for more details). 

This is in contrast with the fact that the wurtzite and zinc blende polymorphs of 

InN exhibit a direct electronic bandgap with similar energies at room (around 0.64 

eV) and high pressure.29 Such electronic transition can be attributed to a change of 

ion coordination from four for w-InN to six for rs-InN. In order to relate the fact 

that the gap is direct or indirect with the structural coordination, the case of InN 

can be compared with observed trends for many as-grown four-fold and six-fold 

semiconductor compounds. For instance, most crystals grown in the octahedral 

point symmetry of the rocksalt structure exhibit an indirect bandgap.  

The electronic structure of the rocksalt phase is typically characterized by a 

maximum of the highest valence band in the L high-symmetry point of the Brillouin 

zone and a relatively sharp minimum of the conduction band in the X valley.76 

Interestingly, the indirect bandgap of the rocksalt phase has been observed in many 

rocksalt semiconductors which, on the other hand, exhibit a direct bandgap for 

other polytypes such as the tetrahedrally coordinated wurtzite or zinc blende 

structures. Such is the case for zinc and cadmium oxides and chalcogenides: ZnO,77 

ZnS,78 ZnSe,79 ZnTe,80 CdO,81,82 CdS,83 CdSe84,85 and CdTe86,87. III-V group 

semiconductors exhibit the same trend, like for instance, AlN,88 GaN,89 InN28 or 

InAs90. Some of them, like GaAs,91 AlP92 or InP,93 exhibit metallic character in the 

rocksalt phase, and others, like AlAs94 or GaP,92 are also indirect semiconductors in 

their stable phase (zinc blende). The indirect nature of the bandgap of the rocksalt 
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phase has been attributed to the symmetry-forbidden hybridization of the p-d 

electronic states in the center of the Brillouin zone.77 Nevertheless, a rocksalt 

structure does not necessarily imply an indirect bandgap, as it is the case of highly 

ionic wide bandgap oxides like MgO.95 Interestingly it has to be noted that despite 

indium nitride is one of the most ionic III-V compounds, such ionicity is not strong 

enough to retain a direct bandgap electronic structure after the phase transition.  

Hence, we conclude that the optical properties of the high-pressure phase of 

InN (i.e. rocksalt) is determined by the large ionicity of this compound, in 

agreement with theoretical calculations. We confirm that indium nitride becomes an 

indirect bandgap semiconductor after its high-pressure phase transition, where a 

change of ion coordination takes place. This later result is in agreement with trends 

between the indirect nature of the bandgap and the structural coordination that is 

observed for many binary compounds.  

 

Modelling the dielectric function 

In this section a model for the frequency-dependent DF of a polar 

semiconductor is presented. The aim of this section is to provide the physical and 

mathematical background required to extract the high-frequency dielectric constant 

of InN, at different pressure values, from optical reflectivity measurements. As 

already discussed in this chapter, the DF (DF) is one of the most relevant 

parameters used to describe the optoelectronic properties of semiconductor 

materials and is closely related to the electronic structure or the ionic character of 

the chemical bonding. Here we would like to recall that the complex refractive 

index, �̃�, is related to the real, 𝜀1, and imaginary, 𝜀2, parts of the DF by,  

�̃� = 𝑛 + 𝑖𝑘 = √𝜀1 + 𝑖𝜀2 . [3.46] 

where 𝑛 is the refractive index (this is, the ratio between the speed of light in 

vacuum and the phase velocity in the medium 𝑛 = 𝑐/𝑣P) and 𝑘 is the extinction 

coefficient, which is related to the amount of electromagnetic radiation absorbed by 

the medium. As discussed above, for a given wavelength 𝜆, 𝑘 relates with the 
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absorption coefficient through 𝛼 = 4𝜋𝑘/𝜆. Both parameters, 𝑛 and 𝑘 can be 

expressed as a function of 𝜀1 and 𝜀2 from Eq. [3.46]. Hence, by modelling the DF it 

is possible to fit the experimentally measured refractive index through Eq. [3.46].  

 In general, the DF is a tensor. For the case of the wurtzite structure the 

ordinary part of the DF, 𝜀∥, is given by the field direction perpendicular to the c-axis, 

the directions along this plane are isotropic, while the extraordinary part, 𝜀⊥, 

corresponds to an electric field parallel to the c-axis of the crystal. For the case of 

III-group nitrides the difference between 𝜀∥ and 𝜀⊥ (∆𝜀) is rather low. For the case 

of InN, the difference of the DF between both directions in the frequency range 

above the phonon energy is  ∆𝜀∞/𝜀∞ ≈ 3%,96 while in the zero frequency limit, 

∆𝜀0/𝜀0 ≈ 7%.97,98,99   

In this thesis only the ordinary part of the DF 𝜀∥ is considered. This is 

because the FTIR measurements performed in this thesis to determine the refractive 

index (see Article 3.2 in Section 3.3) were done in a backscattering configuration 

along the direction of the c-axis for a w-InN sample. Hence, the electric field and 

ionic oscillation takes place in the ordinary direction. 

The DF is characterized by the response of different physical processes 

which can take place in the material. For the case of n-type doped InN, three 

processes must be taken into account. These are the electronic, the phononic and 

the plasmonic (free carriers) contributions to the DF. It is important to note that 

each of these interactions takes place for a characteristic frequency range, and the 

corresponding dielectric response only takes place when the frequency of the 

electric field is lower than the frequency of the interaction. The frequency ranges of 

each contribution are qualitatively shown in the top of Fig. 3.6, these are, from low 

to high energies; the plasmonic, phononic, and electronic (including the Penn gap 

that accounts for the electronic transitions with higher energy than the bandgap). 

The DF can be written as the sum of each of these interactions, 

𝜀(𝜔) = 𝜀𝑒(𝜔) + 𝜀𝑙(𝜔) + 𝜀𝑝(𝜔) , [3.47] 

where the subscripts refer to the electronic, lattice (phononic) and plasmonic 

interactions. Next, each of these contributions to the DF is described. The lineshape 
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of the real, 𝜀1(𝜔), and imaginary, 𝜀2(𝜔), parts of the DF (as obtained from Eq. 

[3.47]) are shown in Fig. 3.6 with blue and red lines, respectively. The refractive 

index (calculated from Eq. [3.46]) is fitted to the experimental data points for w-InN 

at ambient pressure (open symbols). 

Regarding the electronic contribution to the DF, the line-shape of the DF is 

determined by the electronic structure. For the sake of simplicity, in this work the 

DF is modelled using a simple single-oscillator model. This model assumes that the 

low frequency range of the DF can be described by averaging all the high-energy 

electronic transitions into a single electronic transition (i.e. the so-called Penn gap). 

In the present work, for the study of w-InN, the contribution of the direct bandgap 

transition to the DF has been included separately in order to better describe the 

lineshape of the DF around the direct bandgap energies, which is the spectral region 

where the experiments have been performed. The imaginary part of the DF arising 

from the direct bandgap contribution is proportional to the electronic states 

available for a certain energy (i.e. the joint density of states, 𝐷𝑗) between the valence 

and conduction bands, 𝜀2(𝜔)~𝐷𝑗(𝜔)𝜔−2.59,100 Assuming that the direct bandgap can 

be described by an M0 critical point, 𝜀2(𝜔)~𝜃(𝜔 − 𝜔𝑔)√𝜔 − 𝜔𝑔𝜔−2, where 𝜃 is the 

Heaviside step function and 𝜔𝑔 is the bandgap frequency.59 The real, 𝜀1(𝜔), and 

imaginary, 𝜀2(𝜔), parts of the DF are then obtained from the Kramers-Kronig 

relations, 

𝜀1(ω) − 1 = 2
𝜋

𝒫∫ 𝜔′𝜀2(𝜔′)𝑑𝜔′

𝜔′2 − 𝜔2

∞

0

, [3.48] 

and, 

𝜀2(ω) = − 2ω
𝜋

𝒫∫ 𝜀1(𝜔′)𝑑𝜔′

𝜔′2 − 𝜔2

∞

0

. [3.49] 

Thus, the real part of the DF corresponding to the electronic contribution 

can be written as 
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𝜀1e = 𝜔𝑃𝐵𝑉
2

𝜔0
2 − 𝜔2 + 𝐶0

𝜒0
2 [2 − √1 + 𝜒0 − 𝜃(𝜔 − 𝜔𝑔)√|1 − 𝜒0|] + 1 , [3.50] 

where the first term corresponds to the Penn gap model, which has two free 

parameters,  the plasma frequency of the valence band, 𝜔PBV, and the Penn gap, 𝜔0. 

Both are typically left as unknown parameters to be fitted.101 The last term 

corresponds to the direct bandgap interaction, where 𝐶0 is the strength of the 

oscillator and 𝜒0 = 𝜔/𝜔𝑔.  

The imaginary part of the DF corresponding to the electronic contribution is 

𝜀2𝑒 = 𝜀2𝑒
𝑃𝑒𝑛𝑛 + 𝐶0

𝜒0
2 𝜃(𝜔 − 𝜔𝑔)√𝜒0 − 1 , [3.51] 

where the first term, 𝜀2𝑒
𝑃𝑒𝑛𝑛, can be derived from Eq. [3.50] by using the Kramers-

Kronig relations (Eqs. [3.48] and [3.49]). The second term of Eq. [3.51] corresponds 

to the contribution of the direct bandgap. The lineshape of the real and imaginary 

parts of the DF arising from the electronic contributions can be seen in Fig. 3.6 with 

red and blue lines respectively for wavenumbers above the bandgap (i.e. 𝜔𝑔 ≈ 5250 

cm−1). It can be seen that the refractive index, 𝑛2, exhibits a small peak around the 

bandgap wavenumber and a very intense band around the Penn gap (i.e. 𝜔0 ≈ 39000 

cm−1). It has to be noted that the lineshape of the DF around the Penn gap 

wavenumbers is fictitious, but allows to successfully accounts for the high-energy 

electronic contribution in the wavenumber range at which the experimental results 

are performed (shown as open symbols in Fig. 3.6, right below the direct bandgap).  

Next, the phononic contribution to the DF must be considered (i.e. the 

second term of Eq. [3.47]). For the case of a polar semiconductor such as InN, the 

lattice interaction can be described with the Lorentz oscillation model. From the 

Lorentz oscillation equation, 

𝜇 𝑑2𝑢
𝑑𝑡2

− 𝜇𝛾𝑙
𝑑𝑢
𝑑𝑡

+ 𝜇𝜔𝑇
2 𝑢 = 𝑄𝐸𝑒−𝑖𝜔𝑡 [3.52] 

where μ is the reduced mass of the anion and cation, 𝛾l is a phenomenological 

damping constant, 𝜔T is the transverse phonon frequency, and 𝑄𝐸𝑒−𝑖𝜔𝑡 is the 
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electric force generated by the charged oscillators of a polar crystal (this results in 

the longitudinal modes). The solution of Eq. [3.50] yields 

𝑢 = −𝑄/𝜇
𝜔𝑇

2 − 𝜔2 − 𝑖𝜔𝛾𝑙
𝐸 . [3.53] 

For all (𝑁 ) oscillators, 𝑃(𝜔, 𝑡) = −𝑁𝑄𝑢. Comparing Eq. [3.53] with the definition 

of the DF (which relates the polarizability, P, with the electric field, E, as 𝑷 =

𝑬( ( ) − 1)/4 𝑘𝑒), and bearing in mind that for the longitudinal modes the 

wavevector (𝒌) has the same direction than the macroscopic electric field 𝑬, 

𝑅𝑒(𝜀𝑙(𝜔𝐿)) = 0 (this is a consequence of the Maxwell equations, without external 

field, 𝛁𝑫 = 𝜀𝑙𝒌𝑬 = 059,102), one obtains the lattice contribution to the DF, 

𝜀𝑙(𝜔) = 4𝜋𝑁𝑘𝑒𝑄2/𝜇
𝜔𝑇

2 − 𝜔2 − 𝑖𝜔𝛾𝑙
= 𝜀∞(𝜔𝐿

2 − 𝜔𝑇
2 )

𝜔𝑇
2 − 𝜔2 − 𝑖𝜔𝛾𝑙

. [3.54] 

Finally, the dielectric contribution arising from the electron gas in a solid (i.e. 

plasmons) can be derived from the Drude theory,  

𝑚∗ 𝑑2𝑢
𝑑𝑡2

+ 𝑚∗𝛾𝑝
𝑑𝑢
𝑑𝑡

= −𝑄𝐸𝑒−𝑖𝜔𝑡 , [3.55] 

𝜀𝑝(𝜔) = −4𝜋𝑘𝑒𝑁𝑒𝑄2/𝑚∗

𝜔2 + 𝑖𝜔𝛾𝑝
= − 𝜀∞𝜔𝑃

2

𝜔2 + 𝑖𝜔𝛾𝑝
, [3.56] 

where 𝜔𝑃  is the frequency at which the real part of the DF is zero and it is known as 

the plasma frequency. 𝑁𝑒 is the electron density, 𝑄 is the free electron charge, 𝑚∗ 

the electronic effective mass and 𝛾𝑝 a phenomenological plasmonic damping.  

So, the different contributions to the DF included in Eq. [3.47] have been 

described. This model has been used in this thesis (Article 3.2) in order to fit the 

experimentally determined refractive index of w-InN. But, in this work the 

electronic contribution to the DF has been simplified assuming that the first term of 

[3.50] is constant, 𝜔𝑃𝐵𝑉
2

𝜔0
2−𝜔2 ≅ 𝐾, and the imaginary part of the electronic contributions 

(i.e. Eq. [3.51]) has been neglected because are zero in the experimental range. For 

the fitting there are only two free adjustable parameters, 𝐶0 and 𝐾. Despite the 
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simplicity of this model it can be seen in Fig. 3.6 that the agreement between the 

experimental points and the fitted lineshape is excellent. 

Once the adjustable parameters are fitted and the lineshape of the DF is 

known, it is possible to calculate the high frequency dielectric constant 𝜀∞. As it can 

be seen in Fig. 3.6 (green dashed line), 𝜀∞ corresponds to the DF at energies above 

the LO phonon energy (typically 500 cm−1) and below the first electronic transition 

(for a low bandgap semiconductor such as InN, below 5000 cm−1). The value of 𝜀∞ 

is calculated taking the real part of the DF at zero frequency neglecting the 

phononic and plasmonic contributions. Note that in optical-response studies 𝜀∞ is 

sometimes referred as the “low-frequency dielectric constant, 𝜀0”, this nomenclature 

will not be used in this thesis.101  

On the other hand, the static dielectric constant, 𝜀0 can also be fitted using 

this model. This parameter is also called relative permittivity or “𝜀S”, and is the 

dielectric response arising from the electronic and lattice contributions to the 

 
Fig. 3.6. Fit of the measured refractive index (open symbols) with a simplified model that 
considers four contributions to the DF (dashed black line). The real and imaginary parts of the 
DF are plotted as solid red and blue lines respectively. The same fit without the plasmonic 
contribution and without the phononic contribution is shown as dashed orange and green 
lines respectively.  
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dielectric response at zero frequency. For a linear, isotropic and homogeneous 

medium (LIH), the dielectric constant relates the electric displacement field at zero 

frequency, 𝑫(0), with and external constant electric field, 𝑬(0), by 𝑫(0) =

𝜀0𝑬(0). The value of  can be calculated extrapolating the DF to zero frequency 

but neglecting only the plasmonic contribution (see the orange dashed line of Fig. 

3.6).  

Within the model presented in this section it has been possible to extract the 

relative pressure coefficient of the high-frequency dielectric constant from the 

refractive index of InN in the 10008000 cm−1 spectral region. The relative pressure 

coefficient is (1/𝜀∞)𝑑𝜀∞/𝑑𝑃 = −8.8·10−3 GPa−1 for the wurtzite structure and 

(1/𝜀∞)𝑑𝜀∞/𝑑𝑃 = −14.8·10−3 GPa−1 for the rocksalt structure in the 1220 GPa 

pressure range.  

 

Relating the high-frequency dielectric constant with the ionicity 

So far, a model used to obtain the high-frequency dielectric constant from 

experimental data of the refractive index in the high-frequency range has been 

described. Now, we focus on the pressure dependence of the high-frequency 

dielectric constant from a fundamental point of view. For the case of heteropolar 

semiconductor crystals such as InN, the pressure dependence of the high-frequency 

dielectric constants can be used to evaluate the degree of ionicity on the chemical 

bonding. In order to better understand the role of ionicity on the high-frequency 

dielectric constant, a brief introduction on the concept of ionicity is presented 

together with related parameters such as the Born effective charge, the polarizability 

or the Phillips ionicity.  

In general, the ionicity of a semiconductor compound can be regarded as the 

transfer of electronic charge from the cation to the anion as a consequence of a 

sizable difference in electronegativity between the ions. This results in an increased 

Coulomb interaction of the crystal bonding,103 which affects the optical, electronic 

and vibrational properties. For instance, in ionic semiconductors the fundamental 

bandgap tends to be larger than in covalent semiconductors.59  
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Regarding the vibrational properties, the degeneracy of the transversal optical 

phonon modes (known as TO modes) is broken as a consequence of the presence 

of a long-range electric field created from the (electrically charged) ions when the 

phonon propagates along the oscillation direction of the ions. This gives rise to the 

so-called longitudinal optical phonon modes (LO modes). Because the long-range 

electric field adds increased restoring force to the bonding, the frequency of the LO 

modes, 𝜔𝐿, is larger than that of the TO modes, 𝜔𝑇 . This effect is known as LO-TO 

phonon splitting and its magnitude is related with the static (𝜀0) and high-frequency 

(𝜀∞) dielectric constants through the Lydanne-Sacks-Teller relation (LST-relation), 

𝜀0
𝜀∞

= 𝜔L
2

𝜔T
2 . [3.57] 

This relation is obtained from Eq. [3.54] taking 𝜀𝑙(0) = 𝜀0 and 𝑅𝑒(𝜀𝑙(𝜔𝐿)) = 0.  

The long range electric field responsible for the LO-TO splitting can be 

regarded to be generated by the so-called Born effective charge or simply transverse 

charge. The Born effective charge, 𝑒∗, is related to the charge transfer between ions 

in a polar compound and is defined as the change in polarization with respect an 

ionic displacement, 

𝑒∗ = Ω
|𝑒|

𝜕𝑃
𝜕𝑟

, [3.58] 

where Ω is the unit cell volume and |𝑒| is the elementary charge. The transverse 

charge can be related to the phonon splitting through a polarization model 

consisting of multiple simple harmonic oscillators (SHO),59,103  

𝑒∗ = (
𝜇(𝜔L

2 − 𝜔T
2 )𝜀∞

4𝜋𝑘e𝑁
)

1/2

, [3.59] 

where each harmonic oscillator is formed by an anion and a cation,  is the reduced 

mass, 𝑘e is the Coulomb force constant and 𝑁  the density of the SHO (i.e. the 

inverse of the volume of the unit cell). Note that, the phonon frequencies, 𝜔𝐿 and 

𝜔𝑇 , and the high-frequency dielectric constant, 𝜀∞, can be measured from a simple 
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Raman and optical reflectivity experiment. Combining Eqs. [3.57] and [3.59] it can 

be shown that the transverse charge is related with the dielectric constants by, 

𝑒∗ = (𝜇(𝜀0 − 𝜀∞)
4𝜋𝑘e𝑁

)
1/2

𝜔T . [3.60] 

On the other hand, the polarizability of the SHO, 𝛼P, which is the ratio of 

the induced dipole moment 𝒑 to the local electric field 𝑬𝑙𝑜𝑐, 𝒑 = 𝛼P𝑬𝑙𝑜𝑐, can be 

obtained from the transverse charge. For the case of III-V semiconductors,104  

𝑒∗ = (20𝛼P − 8𝛼P
2 − 3)/(3√𝑘e) . [3.61] 

From the generalization of the Clausius-Mossotti formula it is possible to 

connect the high-frequency dielectric constant, which is a macroscopic quantity with 

the microscopic polarizability  

4𝜋𝑘𝑒𝛾𝑁𝛼𝑃 = 𝜀∞ − 1
𝜀∞ + (𝛾−1 − 1)

, [3.62] 

where γ is a parameter which depends on the nature of the chemical bonding. For 

strongly localized polarization centers such as ionic crystals (with typically cubic 

structures)  γ = 1/3 (which leads to the Lorentz-Lorentz relation), while for crystals 

with delocalized electrons (which applies to partially covalent tetrahedral crystals) 

γ = 0. The later results in the Sellmeier formula,101 

𝜀∞ = 1 + 4𝜋𝑘𝑒𝑁𝛼𝑃 . [3.63] 

 From the microscopic description of 𝜀∞ (see Eq. [3.63]), it follows that the 

pressure derivative of 𝜀∞ is governed by two competing mechanisms: On one hand, 

d𝜀∞/d𝑃  will depend on the increase of the polarization centers per unit of volume 

(higher density 𝑁 ), and on the other hand, on the increase of the polarizability of 

the electronic bonds with pressure. This can be shown by deriving Eq. [3.63] with 

respect the pressure, 

𝜀∞
𝜀∞ − 1

𝜕ln𝜀∞
𝜕𝑃

= 𝜅 − 𝜅 𝜕ln𝛼𝑃
𝜕𝑙𝑛𝑉

, [3.64] 
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where 𝜅 is the compressibility, 𝜅 = −𝜕 ln 𝑉 /𝜕𝑃 . The two terms in Eq. [3.64] are the 

compressibility, which is a positive term, and the volume derivative of the 

polarizability. 

 Following Eq. [3.64] it is possible to express 𝑑𝜀∞/𝑑𝑃  as a function of the 

Phillips Van-Vechten definition of the fractional degree of ionic bonding, 𝑓i =

𝐶2/𝐸0
2.101,105 The Penn gap 𝐸0 has two contributions 𝐸0

2 = 𝐸ℎ
2 + 𝐶2, the 

homopolar and ionic, respectively.106 Within this approach, Eq. [3.64] can be 

rewritten as101 

𝑑ln𝜀∞
𝑑𝑃

≈ 5(𝜀∞ − 1)
3𝐵

(𝑓𝑖 − 0.9) , [3.65] 

where 𝐵 is the bulk modulus. Therefore, highly ionic crystals will exhibit 𝑑𝜀∞/𝑑𝑃 >

0 (for these systems, the increase of 𝜀∞ with pressure is mostly a consequence of 

the increase of polarization centers, 𝑁 ) while in covalent crystals 𝑑𝜀∞/𝑑𝑃 < 0. The 

Eq. [3.65] can be used to compare the experimental value of 𝑑ln𝜀∞/𝑑𝑃  found in 

this thesis (see Article 3.2) for InN with calculated 𝑓i in other works. Taking 𝑓𝑖 = 

0.859,35 𝐵 = 14342 and 𝜀∞ = 6.7107 Eq. [3.65] yields 𝑑𝑙𝑛𝜀∞/𝑑𝑃  ≈ −3·10−3, which is 

in the same order of magnitude of the experimental result obtained in this thesis 

(see  Article 3.2), 𝑑𝑙𝑛𝜀∞/𝑑𝑃  ≈ −9·10−3. 
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3.3. Results and list of published works 

 The work performed in this thesis dealing with the high-pressure optical 

properties of InN has given rise to two publications, Articles 3.1 and 3.2, which 

have been attached in the following pages: 

 

- Article 3.1: High-pressure optical absorption in InN: Electron density dependence in the 

wurtzite phase and reevaluation of the indirect bandgap of rocksalt InN., by J. Ibáñez, A. 

Segura, B. García-Domene, R. Oliva, F. J. Manjón, T. Yamaguchi, Y. Nanishi and L. 

Artús. Published in Physical Review B (2012), vol. 86, p. 035210. 

 

In this work, we reported high-pressure optical absorption measurements on 

the InN epilayers of Table 3.1, with free-electron concentrations in the 5 × 1017 – 

1.6 × 1019 cm−3 range, with the aim of investigating the effect of free carriers on the 

pressure coefficient of the optical bandgap of wurtzite InN. With increasing carrier 

concentration, a reduction of the absolute value of the optical bandgap pressure 

coefficient of wurtzite InN was observed. An analysis of the experimental data 

based on the k·p model, as discussed in Section 3.2, allowed us to determine the 

pressure coefficient for the fundamental bandgap of intrinsic wurtzite InN: 32 

meV/GPa. High-pressure optical absorption measurements on sample C of Table 

3.1 (a 5.7-μm-thick InN epilayer) above the wurtzite-to-rocksalt transition allowed 

us to obtain an accurate determination of the indirect bandgap energy of rocksalt 

InN as a function of pressure: 0.7 eV around the phase transition (∼15 GPa), with a 

pressure coefficient of ∼23 meV/GPa. 

 

- Article 3.2: Pressure dependence of the refractive index in wurtzite and rocksalt indium nitride, 

by R. Oliva, A. Segura, J. Ibáñez, T. Yamaguchi, Y. Nanishi and L. Artús. Published 

in Applied Physics Letters (2014), vol. 105, p. 232111. 

 

In this manuscript, we presented high-pressure Fourier transform infrared 

reflectance measurements on freestanding InN (sample C of Table 3.1) in order to 
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determine the pressure dependence of the refractive index of both wurtzite and 

rocksalt InN. From a fit to the experimental refractive-index curves including the 

effect of the high-energy optical gaps, phonons, free carriers, and the direct 

(fundamental) bandgap in the case of wurtzite InN (i.e., by using the theoretical 

framework discussed in the previous section), we were able to measure the pressure 

coefficients of the high frequency dielectric constant  of wurtzite and rocksalt 

InN: negative pressure coefficients of –8.8·10–3 GPa–1 and –14.8·10–3 GPa–1 were 

obtained for the wurtzite phase and the high-pressure polymorph, respectively. 
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CHAPTER 4 

Vibrational properties of InN 
 

4.1. Introduction 

As already discussed in the previous chapters, and on account of its 

remarkable electronic properties, InN is a very promising semiconductor material to 

design a wide range of novel optoelectronic devices.1 Among the numerous 

characterization tools that researchers have at their disposal, vibrational techniques 

are highly useful to study and characterize new advanced materials. In particular, 

Raman scattering is now a standard analytical tool to evaluate different properties of 

semiconductor compounds and structures such as their crystal quality, composition, 

or strain state. With regard to the latter, one must recall that in III-nitrides, lattice 

mismatch and the different thermal expansion coefficients between the epilayers 

and the substrate are known to induce large biaxial strains and high densities of 

dislocations, which may significantly reduce device performances.  

The parameters that relate the components of the strain tensor with the 

shifts in the phonon frequencies are called phonon deformation potentials, and these can 

be determined with Raman scattering by combining experiments on thin films under 

biaxial stress and hydrostatic pressure.2–4 In particular, the experiments at high 

hydrostatic pressures allow one to determine the so-called mode Grüneisen parameters. 

Their relation with other thermodynamic parameters will be described later in this 

chapter. 

On the other hand, high-pressure Raman scattering measurements are very 

useful to test lattice-dynamical calculations in semiconductors. In particular, ab initio 

calculations based on the density functional theory (DFT) within the local density 

approximation (LDA) bear some difficulties to predict the frequencies of 

longitudinal modes. In turn, the calculated phonon dispersion curves can be used to 

assign second-order Raman modes, which is particularly relevant in the case of 

crystal phases whose first-order modes are Raman silent, such as the rocksalt 
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structure.5 Similarly, the theoretical one-phonon density of states can be used to 

assign Raman features measured from low-crystalline samples. While linking the 

first and second order phonon modes with features in the Raman spectra is not 

always easy, the combined use of high-pressure measurements and DFT calculations 

provides valuable information (for instance, the pressure coefficient of the first and 

second order modes) which may facilitate the phonon assignments. 

Some studies of the vibrational properties of wurtzite InN have relied on 

Raman measurements6,7 as well as on IR spectroscopy.8,9 The phonon dispersion 

curves have also been studied by means of inelastic X-ray scattering (IXS)10 as well 

as lattice-dynamics calculations.6,11 To the date, many works have investigated the 

vibrational and structural properties of InN under high-pressure. Pinquier et al.12,13 

studied the E2h, A1(TO) and A1(LO) optical modes of a freestanding w-InN flake 

(with a residual electron density as high as 2.3 x 1019 cm−3) and determined the 

pressure coefficients and the corresponding mode Grüneisen parameters; the other 

Raman active optical modes (i.e. E2l, E1(TO) and E1(LO) modes) were not reported 

by these authors. While the scattering geometry of high-pressure measurements 

using a diamond anvil cell (DAC) is limited to the back-scattering configuration, it is 

still possible to detect these phonon modes by measuring InN samples grown along 

an orientation different than the c-direction.  

On the other hand, the pressure coefficients of the measured E2h and LO 

modes published in the literature for InN are rather disperse. These discrepancies 

could be partially accounted for by residual strains in the studied samples. Thus, 

high-pressure Raman experiments on different epilayers grown on different 

substrates and strain conditions could help to identify and/or evaluate strain effects 

on the pressure coefficient of these modes. 

With regard to the high-pressure phase of InN, Pinquier et al.12,13 observed 

the phase transition (at 𝑃𝑡  = 13.5(5) GPa) from the wurtzite to the rocksalt structure 

by means of Raman-scattering. These authors reported intense Raman features up 

to 50 GPa that were attributed to disorder-activated modes, arising from Raman 

scattering at 𝑘 ≠ 0 wave vectors. In order to confirm the assignments of these 

features, it would be highly desirable to calculate the phonon density of states 
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(PDOS) in rs-InN across the entire Brillouin zone (BZ) as a function of pressure. 

Such calculations could also provide information about the mode Grüneisen 

parameters of the high-pressure phase of InN. 

Despite the high amount of work in the literature dealing with the vibrational 

properties of InN, some additional issues should be considered for the analysis of 

the longitudinal optical modes. In particular, Davydov et al.14 showed that the 

Raman frequency of the A1(LO) and E1(LO) modes in w-InN is highly sensitive to 

the excitation wavelength employed to excite the Raman measurements. These 

authors hypothesized that the wave vector of the excited phonon is determined by a 

double-resonance impurity-induced excitation mechanism, in which the 

wavenumber of the phonon for a given excitation energy is defined by the electronic 

band dispersion of the material. This double-resonance process results in a decrease 

of the phonon frequency of Δ𝜔 ≈ 5 cm−1 with respect the frequency of the phonon 

at the centre of zone (gamma point, Г) if the 514.5-nm line is used as excitation 

source. Thus, it might occur that this phenomenon affects the experimental pressure 

coefficients of the LO mode owing to the fact that the electron-hole dispersion and 

the electronic bandgap energy change with pressure, thus varying the wave vector of 

the first-order modes as pressure is increased. Additional work to study and analyse 

the extent of this effect as a function of pressure is thus required. 

On the other hand, the study of the pressure dependence of the phonon-

plasmon coupled mode (LOPCMs) that shows up in the Raman spectra of heavily 

doped, n-type InN could allow one to probe other fundamental aspects of the 

electronic structure of this compound, since the frequency of LOPCMs is 

determined not only be the frequency of vibrational excitations (LO modes) but of 

free-electron excitations (plasmons). As will be discussed later in this chapter, the 

pressure behaviour of the LOPCMs is affected by the pressure dependence of the 

effective electronic mass and the high-frequency dielectric constant. 

In this chapter, we perform a comprehensive high-pressure Raman-scattering 

study on a series of high-quality w-InN epilayers grown by plasma-assisted MBE. 

The samples have different thickness, orientations and residual electron 

concentrations, which allows us to investigate the pressure behaviour of all the 
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optical modes of w-InN and to assess the effect of residual strains on the 

experimental pressure coefficients. Particular attention is paid to the pressure 

behaviour of the LO and LOPCM modes in w-InN, and to the optical modes in the 

rocksalt polymorph. The experimental results are complemented with ab initio lattice 

dynamical calculations, which are performed over the entire BZ for both the 

wurtzite and rocksalt structures of InN; the one-phonon PDOS of both compounds 

is also calculated as a function of pressure. Finally, and for comparison purposes, we 

present a Raman-scattering study of CdO under high pressure, which exhibits the 

rocksalt structure at ambient conditions.5 This study allows us to compare the 

procedure to assign, with the aid of DFT lattice-dynamical calculations, the Raman 

features in the case of rs-InN with that of a rocksalt compound that is already stable 

at room pressure.  

 

Goals of this chapter 

 To measure the pressure-dependence of all the Raman-active modes 

of w-InN and report the corresponding mode Grüneisen parameters. 

 To discuss the effect of thin film thickness and residual strain on the 

pressure coefficient of the phonon modes of w-InN. 

 To discuss the pressure behaviour of the LO Raman band of w-InN, 

following the results of Davydov et al.14 

 To report the frequency of the L− LOPCM at different pressures and 

to evaluate the pressure dependence of the effective mass of w-InN. 

 To discuss the relationship between the lattice-dynamics and phase 

stability of InN. 

 To assign the features that appear in the Raman spectra of rs-InN as 

well as those in the spectra of backtransited w-InN (and report their 

pressure coefficients). 

 To study the Raman spectrum of rocksalt CdO as a function of 

pressure and assign, with the aid of ab initio lattice-dynamical 

calculations, the Raman peaks (and compare with the case of rs-InN). 
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List of samples used in this chapter 

In this chapter, high-pressure Raman-scattering measurements are performed 

on the same set of high-quality InN epilayers, grown by PA-MBE on sapphire 

(Al2O3) substrates or GaN/Al2O3 templates, which were studied in Chapter 3. 

Information about all these samples can thus be found in Table 3.1 of the preceding 

chapter. Note that all samples have different epilayer thicknesses, which has allowed 

us to compare the experimental phonon pressure coefficients of samples with 

different degrees of strain. In turn, sample D (Table 3.1) was grown along the a-

direction, which has enabled the detection and study of Raman modes that are 

symmetry-forbidden in the rest of epilayers, grown along the c-direction. Note also 

the large electron density in sample B2, which has permitted the detection of a fairly 

intense LOPCM peak for the study of the pressure behavior of this mode. 

On the other hand, and for the sake of comparison with the case of rs-InN, a 

900-nm thick CdO/sapphire epilayer grown by MOVPE has also been investigated 

in the present chapter. Hall-effect measurements revealed that the as-grown CdO 

epilayer displayed high n-type conductivity, with an electron density and mobility 

around 1.8×1018 cm−3 and 50 cm2V−1s−1, respectively. 
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4.2. Theoretical framework 

Raman scattering by phonons 

 The Raman effect consists in the inelastic scattering of a photon by an 

elementary excitation, and was theoretically predicted in 1923 by A. Smekal15. Later 

it was experimentally discovered by C. V. Raman and K. S. Krishnan in liquids,16 

and by G. Landsberg and L. I. Mandelstam in crystals.17 Here we are concerned with 

the Raman scattering by phonons in semiconductor crystals. 

 Phonons are defined as the collective excitation of the atoms within a crystal, 

which results in 3N normal modes, where N is the number of atoms per unit cell (3 

modes correspond to acoustic modes, and 3N-3 correspond to optical modes). In 

the quantum-mechanical approach, a phonon can be viewed as a quasiparticle that 

represents the elementary excitation of the normal modes of vibration of a crystal, 

with momentum 𝒒 and energy ℏ𝜔𝑝(𝒒).  

In a first-order Raman process, a phonon can be either created (Stokes) or 

annihilated (anti-Stokes) by the incoming photons, which are inelastically scattered. 

The energy of the phonon (i.e., the Raman shift) is given by  

∆𝜔 = ( 1
𝜆𝑒𝑥𝑐

− 1
𝜆𝑠

) , [4.1] 

where 𝜆𝑒𝑥𝑐 is the wavelength of the excitation light and is 𝜆𝑠 the wavelength of the 

scattered light (expressed in cm units). In the Raman process, the momentum and 

energy are conserved, so that 

ℏ𝒌𝑠 = ℏ𝒌𝑖 ℏ𝒒 , [4.2] 

ℏ𝜔𝑠 = ℏ𝜔𝑖 ℏ𝜔𝑝 [4.3] 

where the subscripts i and s refer to the incident and scattered photons, respectively. 

The negative sign corresponds to a Stokes process (phonon creation) and the 

positive sign to an anti-Stokes process (phonon annihilation). From Eq. [4.2] it can 

be readily seen that, for Raman experiments using infrared and visible light, the 

phonon wave vector is much smaller than the border of the BZ for most crystals. 
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Therefore, the wave vector of the phonon may be assumed to be zero (dipolar 

approximation).  

 

Semiclassical approach to the Raman effect 

Classically, the Raman process in crystals can be described as the emission of 

electromagnetic waves (scattered light) by oscillating dipoles within the quasistatic 

approximation (the phonon frequencies are small compared to the electronic 

transitions that determine the electric susceptibility of the crystal). The polarization, 

𝑷 , of the dipoles has been induced from an external electric field (incident light), 

𝑬𝑖, and are related by 

𝑷 = 0 𝐸𝑖𝒆�̂� , [4.4] 

where  is the susceptibility of the crystal, defined by its electronic structure. The 

electric field of the incident light can be taken as: 𝐸𝑖 = 𝐸0 cos(𝒌𝑖𝒓 − 𝑡). Owing to 

the fact that the ionic vibrations change the electronic susceptibility, this can be 

expanded in terms of the normal coordinates of oscillations  

𝜒( , , ) = 𝜒 + 𝑑𝜒
𝑑

⋯ , [4.5] 

where the motion of the ionic vibrations is given by 𝜉 = 𝜉0 cos(𝒒𝒓 − 𝜔𝑝𝑡). Taking 

the first-order term of Eq. [4.5], the resulting polarization of the medium along the 

𝒆�̂� direction is given by, 

𝑃 = 𝐸0 cos(𝒌𝑖𝒓 − 𝑡)𝜒 + 𝐸0𝜉0 cos(𝒌𝑖𝒓 − 𝑡) cos(𝒒𝒓 − 𝜔𝑝𝑡)
𝑑𝜒
𝑑

 . [4.6] 

The first term of Eq. [4.6], namely 𝑃0, is the induced polarization oscillating in 

phase with the external electric field, and corresponds to the elastic scattering 

(Rayleigh scattering). The second term can be rearranged so that, 

𝑃 = 𝑃0 + 𝐸0𝜉0
2

𝑑𝜒
𝑑

{cos[(𝒌𝑖 + 𝒒)𝒓 − ( )𝑡]

+ cos[(𝒌𝑖 − 𝒒)𝒓 − ( )𝑡]} .
[4.7] 
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From Eq. [4.7] it can be seen that the second term of the polarization is sinusoidal 

with two frequencies and wave vectors that correspond to the frequency and wave 

vector of the scattered photon (see Eq. [4.2] and Eq. [4.3]). Taking higher order 

terms in Eq. [4.5], one obtains sinusoidal terms with 𝒌𝑖 𝒒 wave vectors and 𝜔𝑖

𝜔𝑝 frequencies; these correspond to higher-order Raman scattering processes.  

The intensity of the scattered light polarized in the 𝒆�̂� direction is given by5 

𝐼~〈|𝒆�̂� · 𝑷 |2〉 , [4.8] 

where the brackets represent the average in time. Taking the susceptibility as a 

second-rank tensor, it is possible to expand Eq. [4.4] in the normal displacement 

terms so that the intensity results, 

𝐼~ ∣𝒆�̂� · 𝜕𝜒
𝜕𝜉

· 𝒆�̂�∣
2
〈𝜉𝜉∗〉 , [4.9] 

for the Stokes component. For the anti-Stokes component, the normal displacement 

terms are exchanged and the partial derivative of the susceptibility is performed over 

𝜉∗. From second quantization arguments, Eq. [4.9] can be evaluated by replacing the 

normal displacements by the creation, 𝜂 and annihilation, 𝜂†, operators.18 The 

Stokes and anti-Stokes components are then 

〈𝜂𝜂†〉 = ℏ(𝑛 + 1)
2𝜔𝑝

, 〈𝜂†𝜂〉 = ℏ𝑛
2𝜔𝑝

, [4.10] 

respectively, where 𝑛 is the Bose-Einstein occupation factor 

𝑛 = 1
𝑒ℏ𝜔𝑝/𝑘𝐵𝑇 − 1

, [4.11] 

where 𝑘𝐵 is the Boltzmann constant and 𝑇  the temperature. It can be seen that the 

intensity of the anti-Stokes component vanishes for 𝑇 → 0 and reaches the Stokes 

component only in the limit 𝑇 → ∞. For this reason, most Raman experiments are 

performed on the Stokes component of the spectra, where the scattering cross 

section is higher.  
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Quantum-mechanical approach to the Raman effect 

Owing to the large energetic difference between photons (~ 2 eV) and 

phonons (~ 50 meV), a direct photon-phonon interaction does not actually occur.  

Instead, the electronic structure has to act as an intermediary in any Raman-

scattering process. From time-dependent perturbation theory, the first-order Raman 

process can be understood as a three-step process, as shown in Fig. 4.1. The 

Feynman diagrams shown in Fig. 4.1 represent a Stokes (panel A) and anti-Stokes 

(panel B) process. Sequentially, 1- an incident photon creates a virtual electron-hole 

pair (or exciton), 2- the virtual electron (or hole) interacts with a phonon creating 

(Stokes) or absorbing (anti-Stokes) it, and 3- the electron-hole pair recombines 

emitting a photon. In total there are six possible Feynman diagrams that correspond 

to a Stokes process. These can be obtained by the permutations of the vertices in 

Fig. 4.1-A.19  The most probable one is that shown in Fig. 4.1-A, the probability of 

which can be derived by using the Fermi Golden Rule,  

𝑊𝑓𝑖 = 2𝜋
ℏ

∣∑
〈𝑖|ℋ𝑒−𝑅|𝑛〉⟨𝑛∣ℋ𝑒−𝑝ℎ∣𝑛′⟩〈𝑛′|ℋ𝑒−𝑅

′ |𝑓〉
(ℏ𝜔𝑖 − 𝐸𝑛 + 𝐸𝑖)(ℏ𝜔𝑖 − ℏ𝜔𝑝 + 𝐸𝑓 − 𝐸𝑛′)𝑛,𝑛′

∣
2

𝛿(𝜔𝑖 − 𝜔𝑝 − 𝜔𝑠) , [4.12] 

where ⟨𝑖| and |𝑓⟩ represent the initial and final energy states 𝐸𝑖 and 𝐸𝑓   respectively. 

Intermediate electronic states with energies 𝐸𝑛 and 𝐸𝑛′ are represented by ⟨𝑛| and 

|𝑛′⟩, respectively. Note that, from the denominator terms of Eq. [4.12], a resonance 

(i.e. an enhanced scattering probability) takes place for some intermediate electronic 

states. In particular, resonant Raman scattering takes place when these energies are 

close to electronic transitions in the band structure that exhibit high joint density of 

states. Thus, this happens when the energy of the incident or scattered light coincide 

with an interband transition. The electron-photon Hamiltonian is given by  

ℋ𝑒−𝑅 = 𝑒
𝑚𝑐

𝐀 · 𝐩 , [4.13] 

where A is the vector potential of the electromagnetic field and p is the quasi-

momentum of the intermediate electron or hole.  
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For the electron-phonon interaction there are two important scattering 

interactions: the deformation potential mechanism and the Fröhlich interaction. The 

deformation potential mechanism can be understood as a modulation of the 

electronic band structure by the oscillation of ions in the crystal lattice. Within the 

Born-Oppenheimer approximation, it is possible to write the Hamiltonian as an 

expansion of the total electronic Hamiltonian, in terms of the ionic displacements 

ℋ𝑒−𝑝ℎ~ 𝜕𝐸
𝜕𝜉

· 𝜉 , [4.14] 

where 𝐸 is the energy of the electronic states.  

 On the other hand, the Fröhlich electron-phonon interaction is the Coulomb 

interaction between the long-range electric field associated to the longitudinal 

optical modes and the electronic structure. This mechanism only takes place for 

longitudinal phonon modes in a polar semiconductor. For longitudinal phonons 

with 𝑞~0, the Hamiltonian of the interaction is,19,18 

ℋ𝑒−𝑝ℎ~ − 𝑖𝐶𝐹

𝑞2𝑉
1
2
(𝐪 · 𝐞L̂O)(𝜂† + 𝜂) exp(𝑖𝐪 · 𝐫) , [4.15] 

where 𝑉  is the volume of the unit cell and 𝐶𝐹  is the Fröhlich constant; 

 
Fig. 4.1. Feynman diagram for the Stokes (upper panel, A) and 
anti-Stokes (lower panel, B) first-order Raman processes.  
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𝐶𝐹
2 = 2𝜋𝑘e𝑒2ℏ𝜔LO ( 1

∞
− 1

0
) , [4.16] 

where 𝜀∞ and 𝜀0 are the high and low frequency dielectric constants of the material, 

respectively, 𝑘e is the Coulomb constant and 𝜔LO the phonon frequency of the LO 

mode.  

 

Phonons in the wurtzite and rocksalt structures 

The wurtzite structure 

The wurtzite crystal structure, named after the mineral wurtzite (Zn,Fe)S, is 

of special interest because it is the most stable phase of many binary semiconductor 

compounds, including AlN, GaN, InN and their alloys.  

The corresponding space group is 186 in the International Union of 

Crystallography classification, 𝑃63𝑚𝑐 in the international short symbol, or 𝐶6𝑣
4  in 

the Schöenflies notation. The structure can be regarded as two interpenetrating 

hexagonal close-packed type sublattices, one for each atomic species. As it can be 

seen in the panel A of Fig. 4.2, the wurtzite structure belongs to the hexagonal 

lattice system and is non-centrosymmetric (i.e. lacks inversion symmetry). This latter 

characteristic is important because it confers piezoelectric and pyroelectric character 

to wurtzite materials.  

As it is shown in the panel A of Fig. 4.2, the unit cell contains four atoms, 

with primitive vectors 𝑎1⃗ = 𝑎(1/2,−
√

3/2,0), 𝑎2⃗ = 𝑎(1/2,
√

3/2,0) and 𝑎3⃗ =

𝑐(0,0,1), where 𝑎 and 𝑐 are the lattice parameters. The atomic positions in the unit 

cell can be taken as �⃗�1 = (2/3,1/3,0), �⃗�2 = (1/3,2/3,1/2) for the first atom-type 

and �⃗�1 = (2/3,1/3, 𝑢), �⃗�2 = (1/3,2/3,1/3 + 𝑢) for the second one, where 𝑢 is an 

internal lattice parameter around 𝑢 3/8. Each ion is strictly tetraedrically 

coordinated only for the ideal case of 𝑢 = 3/8 and 𝑐/𝑎 = 2
√

6/3. The arrangement 

of this structure gives polar symmetry along the 𝑐 axis, which is a key factor for the 

crystal growth, etching and defect generation. 
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With regard the wurtzite reciprocal lattice, it is characterized by the reciprocal 

primitive vectors, 𝑏1⃗ = 2𝜋/𝑎 · (1, −1/
√

3, 0), 𝑏2⃗ = 2𝜋/𝑎 · (−1,1/
√

3, 0) and 𝑏3⃗ =

2𝜋/𝑐 · (0,0,1). The first BZ is shown in the panel B of Fig. 4.2, where the most 

important high symmetry points and lines are shown. The Г point, which 

corresponds to �⃗� = (0,0,0), is the point with highest symmetry of the structure and 

in the case of phonon modes, corresponds to long-wavelengths phonon vibrations.  

Because first-order Raman experiments only probe small 𝑘 values, here we 

will focus on the symmetries associated with Г. For the wurtzite structure, this point 

has twelve symmetry operations that coincide with the symmetries of the real space. 

Following the Schnönflies notation the symmetry operations can be classified in six 

conjugacy classes (in the direct space) 

 The identity; {𝐸|0}. 

 Two six-fold rotations (a rotation of 60º) along the c-axis followed by 

a 𝑎3⃗/2 translation; {𝐶6|𝑎3⃗/2} and {𝐶6
−1|𝑎3⃗/2}. 

 Two three-fold rotation (rotation by 120º) along the c-axis; {𝐶3|0} 

and {𝐶3
−1|0}. 

 
Fig. 4.2. Panel A: The unit cell (solid lines) of the wurtzite structure is shown inside the 
conventional hexagonal cell (in dotted lines). All the atoms around the corners of the unit cell 
are shown, and the four atoms of the unit cell are colourful; the tetrahedral coordination is 
shown with red lines.  Panel B: First BZ of the wurtzite lattice; the high symmetry points and 
lines are shown. 
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 A two-fold rotation (rotation by 180º) along the c-axis followed by a 

𝑎3⃗/2 translation; {𝐶2|𝑎3⃗/2}.  

 Three reflections about the planes defined by the Miller indices: 

(1,0,0), (0,1,0) and (1, 1,̅ 0), followed by a 𝑎3⃗/2 translation; {𝜎𝑑1|𝑎3⃗/

2}, {𝜎𝑑2|𝑎3⃗/2} and {𝜎𝑑3|𝑎3⃗/2}. 

 Three reflections about the planes parallel to the c-axis and 

perpendicular to the three 𝜎𝑑 planes; {𝜎𝑣1|0}, {𝜎𝑣2|0} and {𝜎𝑣3|0}. 

Symmetry operations of the type {𝑅|𝑎}⃗ transform all the atoms of the unit 

cell into another of the same type where 𝑅 stands for a point symmetry and 𝑎 ⃗is the 

translation vector. The symmetry operations are arranged by the conjugacy classes in 

the columns of Table 4.1 for the 𝐶6𝑣 point group. The corresponding basis 

functions are also displayed in the table. It can be seen that the A1, E1 and E2 

modes are Raman active because the degree of the bases is two (when the degree is 

one the mode is infrared active). On the other hand, it can be seen that other modes 

such as the B1 is a silent mode.19  

The wurtzite structure has four atoms in the unit cell (N = 4), and therefore 

3 × 𝑁 = 12 phonon modes are expected. From group theory, the total 

representations at the Г point can be decomposed into 

Γ = 2𝐴1 + 2𝐵1 + 2𝐸1
(2) + 2𝐸2

(2), [4.17] 

where the (2) superscript indicates the double degeneracy of the representations 

𝐸1
(2) and 𝐸2

(2) (see Table 4.1). The three acoustic modes correspond to one set of 𝐴1 

𝐶6𝑣  {𝐸}  2{𝐶6}  2{𝐶3} {𝐶2} 3{𝜎𝑑} 3{𝜎𝑣} Basis 

𝐴1 1 1 1 1 1 1 𝑧, 𝑧2, 𝑥2 + 𝑦2

𝐴2  1 1 1 1 −1 −1 
𝐵1  1 −1 1 −1 1 −1  
𝐵2  1 −1 1 −1 −1 1 
𝐸1  2 1 −1 −2 0 0 (𝑧𝑥, 𝑦𝑧), (𝑥, 𝑦)
𝐸2  2 −1 −1 2 0 0 (𝑥2 − 𝑦2, 𝑥𝑦)

Table 4.1. Table of characters of the 𝐶6𝑣 point group. The linear and quadratic functions of 
the basis are included. 
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and 𝐸1
(2) modes. As can be seen in Fig. 4.3, the atoms of the 𝐸1 and 𝐸2 (𝐴1) optical 

modes oscillate in the 𝑥 − 𝑦 (𝑧) plane. 

 The Raman tensors that transform like the set of functions as obtained for 

each Raman-active basis are 

A1(𝑧) = (
𝑎 0 0
0 𝑎 0
0 0 𝑏

) , E1(𝑥) = (
0 0 𝑐
0 0 0
𝑐 0 0

) ,E1(𝑦) = (
0 0 0
0 0 𝑐
0 𝑐 0

) ,

E2
(1) = (

𝑑 0 0
0 −𝑑 0
0 0 0

) ,E2
(2) = (

0 𝑑 0
𝑑 0 0
0 0 0

). 
[4.18] 

Table 4.2 shows the selection rules for first-order Raman-scattering for the 

wurtzite structure for different scattering configurations. These are readily obtained 

by using Eq. [4.9] and the Raman tensors in Eq. [4.18]. 

 

 

 

 
Fig. 4.3. Atomic displacements for the optical phonon modes of the wurtzite 

structure. 
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The rocksalt structure 

The rocksalt structure, named after the name of the common mineral halite 

(NaCl), is a usual phase for alkali halides and many divalent metal oxides, sulfides, 

selenides, and tellurides. In general, this structure is more likely to be formed when 

the cation is somewhat smaller than the anion.20 Also, the rocksalt structure is the 

most stable phase of III-group nitrides at high pressure and appears in the phase 

diagrams of all II-VI compounds.21   

The space group of the rocksalt structure is 225 in the International Union of 

Crystallography classification, 𝐹𝑚3�̅� in the Hermann–Mauguin notation belonging 

to the 𝑂ℎ point group. The structure can be regarded as two interpenetrating face-

centered cubic sublattices. The structure belongs to the cubic lattice system and is 

centrosymmetric.  

As shown in the panel A of Fig. 4.4, the unit cell contains two atoms, and the 

primitive vectors are 𝑎1⃗ = 𝑎/
√

2 · (1,1,0), 𝑎2⃗ = 𝑎/
√

2 · (1,0,1) and 𝑎3⃗ = 𝑎/
√

2 ·

(0,1,1) where 𝑎 is the lattice parameter. The atomic positions in the unit cell are 

given by �⃗�1 = (0,0,0) and �⃗�2 = (1/2,1/2,1/2). Each ion is 6-coordinated (shown 

with red lines in the panel A of Fig. 4.4) and has a local octahedral coordination. 

The reciprocal lattice of the rocksalt structure is characterized by the 

reciprocal primitive vectors 𝑏⃗1 =
√

2𝜋/𝑎 · (1,1, −1), 𝑏⃗2 =
√

2𝜋/𝑎 · (1, −1,1) and 

Scattering 
configuration 

𝐸2𝑙  𝐴1(TO) 𝐸1(TO) 𝐸2ℎ  𝐴1(LO)  𝐸1(LO) 

𝑧(𝑥𝑥)𝑧 ̅       
𝑧(𝑥𝑦)𝑧 ̅     
𝑥(𝑦𝑦)𝑥̅      
𝑥(𝑦𝑧)𝑥̅  
𝑥(𝑧𝑧)𝑥̅  
𝑥(𝑦𝑧)𝑦    
𝑥(𝑦𝑦)𝑥      
𝑥(𝑦𝑦)𝑧        

Table 4.2. Selection rules for first-order Raman-scattering measurements in the 
wurtzite structure through the deformation potential mechanism. The scattering 
configuration is expressed with Porto’s notation. 
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𝑏3⃗ =
√

2𝜋/𝑎 · (−1,1,1). The first BZ is shown in the panel B of Fig. 4.4, where the 

most important high symmetry points and lines are shown.  

The rocksalt structure exhibits higher symmetry than the wurtzite structure 

and has 48 symmetry operations classified in the following conjugacy classes:  

 The identity; {𝐸}. 

 Three two-fold rotations about each of the equivalent [100] axes; 

{3𝐶2}. 

 Two four-fold improper rotations about each of the three equivalent 

[100] axes; {6𝑆4}. 

 Six reflections, one for each equivalent (110) planes; {6𝜎𝑑}. 

 Eight three-fold rotations, two for each of the four equivalent [111] 

axes; {8𝐶3}.  

 The inversion; {𝑖}. 

 Three reflections, one for each of the three equivalent [110] axes; 

{3𝜎ℎ}. 

 Six four-fold rotations, two for each of the three equivalent [100] 

axes; {6𝐶4}. 

 Six two-fold rotations about each of the six equivalent [110] axes; 

{6𝐶2
′}. 

 
Fig. 4.4. Panel A: Conventional cell of the rocksalt structure. The two atoms of the unit 
cell are shown with full colour. The 6-coordination is shown with red lines. Panel B: 
First BZ for the rocksalt structure; the high symmetry points and lines are shown.  
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 Eight six-fold improper rotations, two about each of the four 

equivalent [111] axes; {8𝑆6}. 

The rocksalt structure has two atoms in the unit cell, and therefore 3 × 2 = 6 

phonon modes are expected at each wave vector. As it can be seen in the character 

table of the 𝑂ℎ point group (Table 4.3), there are ten irreducible representations. 

From inspection of the corresponding basis it can be seen that only one is infrared-

active. From group theory, the total representations at the Γ point can be 

decomposed into 

Γ = 2𝑇1𝑢
(3) , [4.19] 

where the subscript (3) indicates the triply degeneracy of the representation (as it 

can be seen from the character of the identity class for this representation). The 𝑇1𝑢 

mode is polar and splits into two TO and one LO modes. As it can be seen from 

the basis functions of 𝑇1𝑢 (Table 4.3), this mode is IR-active and Raman silent. 

Note that this mode transforms like a vector as a consequence of the cubic 

symmetry of the rocksalt structure. Hence, the three acoustic modes also exhibit the 

same symmetry.  

 

 

𝑂ℎ  {𝐸}  6{𝐶4} 3{𝐶2} 8{𝐶3} 6{𝐶2
′} {𝑖} 6{𝑆4} 3{𝜎ℎ} 8{𝑆6} 6{𝜎𝑑} Basis

𝐴1𝑔  1 1 1 1 1 1 1 1 1 1 𝑥2 + 𝑦2 + 𝑧2 

𝐴1𝑢  1 1 1 1 1 −1 −1 −1 −1 −1 
𝐴2𝑔  1 −1 1 1 −1 1 −1 1 1 −1 
𝐴2𝑢  1 −1 1 1 −1 −1 1 −1 −1 1 
𝐸𝑔  2 0 2 −1 0 2 0 2 −1 0 
𝐸𝑢  2 0 2 −1 0 −2 0 −2 1 0 (2𝑧2 − 𝑥2 − 𝑦2, 𝑥2 − 𝑦2)

𝑇2𝑢  3 −1 −1 0 1 −3 1 1 0 −1 
𝑇2𝑔  3 −1 −1 0 1 3 −1 −1 0 1 (𝑥𝑦, 𝑥𝑧, 𝑦𝑧) 

𝑇1𝑢 3 1 −1 0 −1 −3 −1 1 0 1 (𝑥, 𝑦, 𝑧)

𝑇1𝑔  3 1 −1 0 −1 3 1 −1 0 −1 

Table 4.3. Table of characters of the 𝑂ℎ point group. The linear and quadratic functions of the basis 
are included. 
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Vibrational properties and its relation with the phase stability 

Pressure dependence of the phonon modes 

The vibrational properties of a crystalline solid depend on the restoring 

forces that bind the atoms within the crystal lattice, which in turn depend on the 

electronic structure of the material. The electronic potential of the whole system 

(ions plus electronic cloud) has two contributions, one which is repulsive and arises 

from the Coulomb interaction between the ions, 𝑉𝑖, and another which is originated 

by the electronic cloud, 𝑉𝑒. The total energy of the system, 𝑈𝑒+𝑖, is a function of the 

atomic positions in real space, as the displacement of an ion will modify the 

electronic structure. In general, applying pressure on a crystalline solid (i.e., reducing 

interatomic distances) yields an increase of both the energy and its second derivative 

around the stability position. The second derivative of the total energy is known as 

the interatomic force constant (IFC) which is   

𝐶𝛼,𝛽(𝑙𝑘, 𝑙′𝑘′) =
𝜕2𝑈𝑒+𝑖(𝒖)

𝜕𝒖𝛼(𝑙𝑘)𝜕𝒖𝛽(𝑙′𝑘′)
, [4.20] 

where the subscripts of the spatial coordinates, 𝒖𝛼(𝑙𝑘), denote the position of the 

ion k in the unit cell l within the crystal. The phonon frequencies, 𝜔, can be 

calculated by solving the dynamical equation, which reads 

∣
𝐶𝛼,𝛽

√𝑀𝑘𝑀𝑘′
− 𝜔2𝛿𝛼𝛽𝛿𝑘𝑘′∣ = 0 , [4.21] 

where the first term is known as dynamical matrix, and 𝑀𝑘 is the mass of the k th ion.  

An increase of the IFCs results in an increase of the phonon frequencies in 

the whole BZ. Therefore, it can be expected that the pressure dependence of the 

each phonon frequency, 𝑤𝑖, is positive with pressure. This dependency is usually 

linear at low pressure values, 

𝑤𝑖(𝑃) = 𝑤𝑖(0) + 𝑎𝑖 · 𝑃 , [4.22] 

where 𝑤𝑖(0) is the phonon frequency of the ith phonon at zero pressure and 𝑎𝑖 is 

the corresponding phonon pressure coefficient.  
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When the crystal phase is around the phase transition or outside its range of 

stability (i.e., when the phase is in a metastable state), the phonon frequencies do 

not show the pressure behaviour given by Eq. [4.22], but exhibit anomalies such an 

abrupt decrease of the frequency of some phonon modes. The decreased phonon 

frequencies are a consequence of a rapidly decrease of some IFCs. For instance, 

some calculations on non-stable phases have found negative IFCs for acoustic and 

low-frequency optical modes,22–25 implying imaginary phonon energies as can be 

inferred from Eq. [4.21]. In this case, the phase cannot exist at the corresponding 

pressure. On the other hand, the frequency of a given phonon mode may decrease 

with increasing pressure. Such modes are called soft modes. At first, the soft modes 

were observed by means of temperature-dependent experiments and their relation 

with phase transitions was described by the Landau theory of phase transitions.22 

The presence of soft modes evidences that the interatomic bonding is weakening 

for that particular phonon symmetry. In practice, soft modes indicate that the phase 

is losing stability so that the compound will end up in a distorted phase (after a 

second-order transition), or in a high-pressure polymorph (after a first-order 

transition).  

Next, the pressure-dependence of the InN lattice dynamics is discussed. For 

this purpose, ab initio lattice-dynamical calculations have been performed. We show 

that the wurtzite structure of InN exhibits a soft mode, while the rocksalt high-

pressure phase only exhibits phononic anomalies at pressure values below its 

stability range. 

High-pressure lattice-dynamics of the wurtzite phase of InN  

Theoretical phonon-dispersion curves of w-InN at 0 and 25 GPa obtained 

with DFT-LDA calculations are shown in Fig. 4.5. It can be seen that, above the 

optical gap, the A1, E1, B1h and E2h modes exhibit positive pressure coefficients (i.e. 

the curves calculated at high pressure are blueshifted). This is observed for any 

other III-V or II-VI group compounds with the wurtzite structure. Note that the 

E1(LO) phonon mode at the Г-point has a lower frequency than the A1(LO) mode. 

This incorrect ordering has also been observed in previous calculations (for instance 
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InN6 or ZnO26; in Fig. 4.5 it has been manually corrected with a dotted line). These 

types of errors have been attributed to the overestimation of the high-frequency 

dielectric constant due to the well-known bandgap problem of LDA-based 

calculations, which lead to an underestimation of the longitudinal optical mode 

frequency. Concerning the low frequency phononic branches, it can be seen in Fig. 

4.5 that the TA and E2l modes exhibit a soft mode character along the whole BZ. 

Other anomalies such as imaginary (or negative) frequencies are not found in these 

calculations. Nevertheless, the TA modes at the K point of the BZ significantly 

decrease their frequency. This result contrasts with the fact that the frequency of 

such mode barely varies at 10 GPa (see the results section of this chapter, Article 

4.3). On the other hand, the calculations show that the zone-center frequency of the 

E2l mode rapidly decreases at pressures above 10 GPa. We find that for this mode 

𝜔(𝑃) = 83.9 − 0.55𝑃 − 7.6 · 10−3𝑃 2. Note that, taking into account that the bulk 

modulus is expected to increase with pressure, the negative sign of the quadratic 

term is somewhat surprising.  

 

Fig. 4.5. Calculated phonon dispersion curves of the wurtzite structure of InN at two different 
pressures, 0 GPa (black lines) and 25 GPa (red lines). The eight optical phonon modes at Г are 
named. The E1(LO) frequency around Г has been corrected with dashed lines.11 These 
calculations have been performed using a plane-wave pseudopotential approach to DFT as 
implemented in the ABINIT package. The energy functionals for the exchange-correlation term 
has been calculated within the LDA. An 8×8×4 Monkhorst-Pack k-point sampling has been 
used. The kinetic cut-off energy is 65 mHa.  
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As discussed later in this section, the soft mode behavior of the E2l mode 

evidences a phase instability that results in the wurtzite to rocksalt phase transition. 

High-pressure lattice-dynamics of the rocksalt phase of InN 

The wurtzite-to-rocksalt phase transition that occurs in InN upon 

compression can be easily detected in Raman-scattering experiments (see Article 4.3 

in the results section of this chapter). The broad Raman features arising from the 

rocksalt structure evidence that the crystal is highly disordered. As described in 

Article 4.3, the rocksalt phase remains metastable down to 𝑃𝑏𝑡 ≈ 2 GPa, when a 

back-transition to the wurtzite phase takes place.27  

In Fig. 4.6, calculated phonon dispersion curves for rs-InN in the stability 

regime (for the case of 25 GPa) and in the instability regime (at 0 GPa, much lower 

than the transition pressure around 13 GPa) are shown. It can be seen that at 25 

GPa the phonon dispersion curves exhibit a set of well-separated phononic 

branches. The optical branches exhibit a larger frequency than the acoustic branches 

over the whole BZ, with a phononic gap around 50 cm−1.  

On the other hand, the phononic dispersion calculated at 0 GPa is found to 

exhibit some anomalies. Firstly, note that the frequency of the TO(L) mode abruptly 

drops in relation to that corresponding to P = 25 GPa.28 Secondly, the phononic 

gap is closed. Indeed, the LA phononic branch increases in frequency and mixes 

with the optical branches at the L-X-W region of the BZ. The fact that the phonon 

frequency of the TO(L) mode is below that of the LA(L) mode can be attributed to 

the phase instability of rs-InN. It is also important to note that for most rocksalt 

semiconductors the phononic gap is open (larger than zero). Exceptional cases 

where the LA(L) mode is at higher frequency than the optical TO(L) mode are 

ZnO, GaN or ScN.26,29 Amongst these, only the rocksalt phase of ScN is stable at 

ambient pressure. 

Comparing the phononic dispersion of rs-InN calculated at 0 and 25 GPa 

(Fig. 4.6), it can be seen that all the phononic branches blueshift with pressure. The 

absence of softening behaviour is what can be expected given that the rocksalt 

phase is stable up to pressures well above 25 GPa. Indeed, first-principles 
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calculations for group-III nitride compounds show that the rocksalt structure is the 

most stable phase at least up to 200 GPa.30 

The mode Grüneisen parameters 

The pressure coefficient of the phonon modes is related to the so-called 

mode Grüneisen parameters.31,32 These parameters can be related to the 

(macroscopic) Grüneisen parameter, which is dimensionless and approximately 

constant over pressure and temperature. The Grüneisen parameter is relevant in 

materials science to evaluate the role played by phonons on different 

thermodynamic properties such as thermal expansion or heat capacity. The mode 

Grüneisen parameter of minerals is particularly important in geophysics, where it is 

used to set limitations on the pressure and temperature dependencies of 

thermodynamical properties of the mantle as well as to constrain the adiabatic 

temperature gradient.33 In this thesis, the mode Grüneisen parameters of wurtzite 

 

Fig. 4.6. Calculated phonon dispersion curves of the rocksalt structure of InN at two 
different pressures, 0 GPa (black lines) and 25 GPa (red lines). The optical and acoustic 
branches are named. These calculations have been performed using a plane-wave 
pseudopotential approach to DFT as implemented in the ABINIT package. The energy 
functionals for the exchange-correlation term has been calculated within the LDA. An 
8×8×8 Monkhorst-Pack k-point sampling has been used. The cutoff energy used for the 
plane-wave basis is of 100 Ha. 
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and rocksalt InN have been measured by high-pressure Raman-scattering 

measurements (see Articles 4.1 and 4.3 in the results section of this chapter).  

For a given phonon mode, the microscopic definition of the mode 

Grüneisen parameters is 

𝛾𝑖 = 𝜕𝑙𝑛𝜔𝑖
𝜕𝑙𝑛𝑉

= 𝐵0𝑎𝑖
𝜔𝑖

, [4.23] 

where 𝐵0 is the bulk modulus at zero pressure, 𝑎𝑖 is the phonon pressure coefficient 

and 𝜔𝑖 the phonon energy (frequency) at zero pressure. Assuming that all 𝛾𝑖 take the 

same value, it can be shown that the thermal expansion coefficient, 𝛼, is related to 

the Grüneisen parameter of the crystal 𝛾 (which can be taken as 𝛾 𝛾 ), through the 

following expression:  

𝛾 = 𝛼𝐵0
𝜌𝐶𝑉

, [4.24] 

where 𝐶𝑉  is the heat capacity at constant volume. This approximation holds fairly 

well for semiconductors. The mode Grüneisen parameter of the optical modes for 

IV and III-V group crystals is 𝛾 ≈ 1;34 for II-VI group crystals 𝛾 ≈ 2, and 𝛾 ≈ 3 for 

the alkali halides.35 Nevertheless, this approximation is not valid for molecular 

crystals where the pressure dependence of the intramolecular bonding differs 

significantly from the intermolecular bonding. For a more accurate description of 

the crystal, the macroscopic value of the mode Grüneisen parameter must be 

obtained by weighting all the phononic contributions:  

𝛾(𝑇 ) =
∑ 𝛾𝑖𝐶𝑉 (𝜔𝑖, 𝑇 )𝑖
∑ 𝐶𝑉 (𝜔𝑖, 𝑇 )𝑖

, [4.25] 

where the contribution to the heat capacity of each phonon mode can be derived 

from the Bose-Einstein distribution of phonons in a crystal lattice,   

𝐶𝑉 (𝜔𝑖, 𝑇 ) = (𝑑𝑈
𝑑𝑇

)
𝑉

= 𝑘𝐵 ( ℏ𝜔𝑖
𝑘𝐵𝑇

)
2 𝑒𝑥𝑝(ℏ𝜔𝑖/𝑘𝐵𝑇 )
(𝑒𝑥𝑝(ℏ𝜔𝑖/𝑘𝐵𝑇 ) − 1)2 . [4.26] 
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Note that Eq. [4.25] and [4.26] should be integrated throughout the entire BZ. 

These equations only apply within the quasi-harmonic approximation (QHA), which 

implies that discrepancies could arise between the calculated thermal expansion 

coefficient from Eq. [4.24] and the measured values from macroscopic variables, 

especially at high temperatures (temperatures higher than the Debye temperature) 

where the phonon-phonon interaction is important. Further analysis on this topic 

can be found elsewhere.22 

While the mode Grüneisen parameters can be used to study the 

thermodynamical properties of a semiconductor crystal, they can also be used to 

evaluate the phase stability of a crystal at different pressures. This is introduced in 

the next section for the case of the wurtzite, zinc blende and diamond structures.  

The mode Grüneisen parameter and the transition pressure 

In 1988 John Maddox evidenced a problem about the knowledge of phase 

diagrams stating the famous quote “One of the continuing scandals in the physical 

sciences is that it remains in general impossible to predict the structure of even the 

simplest crystalline solids from a knowledge of their chemical composition”.36 Ever 

since large progress has been made in the field of predicting the crystalline stable 

structures as a consequence of improvements in first principle calculations.37 The 

existing models (such as DFT) have been tested by the use of experimental 

techniques such as high-pressure X-ray diffraction or Raman scattering 

measurements. These techniques provide valuable information regarding the phase 

diagrams of crystalline compounds. Here we focus on the particular case of 

semiconductor materials belonging to the ANB8−N group. For this kind of 

compounds it has been proposed that their phase transition is hinted by negative 

mode Grüneisen parameters.34,35,38  

The most stable phase of semiconductor compounds belonging to the 

ANB8−N group are wurtzite, zinc-blende or diamond. These phases exhibit 

similarities in their lattice-dynamical behaviour under pressure. For instance, for the 

case of zinc-blende and diamond structures the transversal acoustic (TA) modes are 

typically soft modes. For the case of the wurtzite structure, the zone centre E2low is 
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almost the equivalent to the TA mode at the L-point of the zinc-blende structure. 

This can be seen in Fig. 4.7 where the atomic arrangement of these structures in the 

crystalline planes (110) are compared. The arrangement of the tetrahedral is said to 

be staggered in the zinc-blende structure and eclipsed in the wurtzite structure.39 As it 

can be in the figure, the stacking order of the ions is of the type ABCABCAB… for 

the zinc-blende structure and ABABA… for the wurtzite structure. For each 

structure, four ions have been shaded, and the motion of the corresponding 

phononic mode (i.e. TA(L) and E2h for the zinc-blende and wurtzite structures, 

respectively) is shown in red arrows (larger arrows indicate larger amplitude of 

oscillation). Note that the phononic symmetries are not equivalent but very similar. 

The equivalence of the E2h mode of the wurtzite structure with the TA(L) 

mode of the zinc-blende structure can be understood if the wurtzite structure is 

regarded as the unfolding (doubling the unit cell) of the zinc-blende structure along 

its [111] direction (Г→L). Indeed, the number of atoms of the wurtzite structure in 

the unit cell is the double (four) than that of the zinc blende structure (two). The 

phononic dispersion curves along the [111] direction of the zinc-blende structure as 

calculated elsewhere40 have been plotted in Fig. 4.8. It can be seen that the folding at 

the A-point of the wurtzite structure yields six phonon modes at the Г point of the 

wurtzite structure (along this direction). Note that doubling the unit cell 

corresponds to dividing the BZ in half. The frequencies obtained by using this 

method are remarkably similar to those calculated in this thesis for the wurtzite 

structure (see Article 4.3).  

 

Fig. 4.7.  

Comparison of the atomic 
arrangement in the zinc blende 
(ABCA…) and wurtzite 
(ABAB…) structures along 
the [111] and [001] directions, 
respectively. Lattice vibrations 
corresponding to phonon 
modes are shown in red lines. 
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Experimental results in many II-VI and III-V group semiconductors34,35,38 

lead to the conclusion that the transition pressure could be proportional to the 

mode Grüneisen parameter of the purely bond bending TA(X) mode. This 

conjecture was supported by the fact that the TA mode softening is indicative of the 

weakening of non-central forces of long-range origin needed to stabilize the 

tetrahedral lattice against the short-wavelength shear distortion.41 However, later 

experiments35 found that this rule would not hold for all zinc blende and diamond 

structures. The TA(X) or E2low mode Grüneisen parameters and their corresponding 

first-order transition pressure is plotted in Fig. 4.9 for many semiconductor 

compounds belonging to the ANB8−N group, with hexagonal,42,43 zinc blende,35,44 or 

diamond35,45 structures at ambient conditions. As it can be seen in the figure, a 

general trend is found: lower mode Grüneisen parameters correspond to lower 

transition pressures. Considering the extreme cases, it can be seen that, on one side, 

diamond exhibits a positive Grüneisen parameter.45  On the other, GaSb is found to 

exhibit a very negative Grüneisen parameter as well as a low transition pressure.44 

Other authors have reported similar trends by using an empirical formula with only 

one free adjustable parameter which relates, for a given binary compound, the 

transition pressure with the bulk modulus.46 

The case of InN and ZnO is particularly interesting because both wurtzite 

compounds have very similar bulk modulus (𝐵0 ≈ 140 GPa). Still, the phase 

transition of InN (𝑃𝑡 ≈ 13 GPa) is higher than that of ZnO (𝑃𝑡≈ 9 GPa). The lower 

 
Fig. 4.8.  

Phonon dispersion 
curves along the 
[111] direction in 
the zinc blende 
structure of InN. 
Folding at the A-
point approximate 
the wurtzite 
structure of InN 
along the [001] 
direction. 
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structural stability of ZnO is then evidenced by its lower (more negative) mode 

Grüneisen parameter (see Fig. 4.9). Nevertheless, results for AlN seem to break the 

general tendency of Grüneisen parameter versus transition pressure. For this case, 

different experiments42 have found 𝛾 ≈ 0 while the phase transition takes place at 

relatively low pressures. This latter result evidences that further investigation is 

needed to fully understand the mechanisms that govern the mode Grüneisen 

parameter of the acoustic modes. Ionicity47 or anharmonicity38 effects have been 

proposed to explain differences in the observed trend. 

 

First principle calculations of the phase stability 

The transition pressure between two crystal phases can be predicted by means of 

first principle calculations. This is done using a well stablished thermodynamic 

theorem originating from the definition of the Gibbs energy 

 
Fig. 4.9. Mode Grüneisen parameters plotted versus the first phase transition pressure for 
different crystal structures. Hexagonal structures are represented with a cross symbol, and 
include 6H-SiC and the wurtzite structures ZnO, InN, AlN, and GaN. For these compounds, 
the mode Grüneisen parameter corresponds to the E2low mode. Zinc blend structures include a 
variety of III-V and II-VI semiconductors. The diamond structures include silicon, germanium 
and diamond. For these structures the corresponding mode Grüneisen parameter is TA(X). 
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𝐺 = 𝐸𝑡𝑜𝑡𝑎𝑙 + 𝑃Ω − 𝑇𝑆 . [4.27] 

Any system will minimize its Gibbs free energy for a given pressure and 

temperature. Hence, the transition pressure between two phases (namely 1 and 2) 

corresponds to the pressure that satisfies 𝐺1 = 𝐺2. Here, 𝐸𝑡𝑜𝑡𝑎𝑙 represents the total 

internal energy of the system at a given volume Ω (e.g. the volume of the unit cell). 

Under the adiabatic approximation, which assumes that the atoms are fixed at 

specific positions and thermal vibrations are neglected (i.e. the calculation simulates 

the system at 𝑇  = 0 K), the entropic term in Eq. [4.27] is zero. Therefore, the phase 

transition for a system at zero temperature will take place when the enthalpy  

𝐻 = 𝐸𝑡𝑜𝑡𝑎𝑙 + 𝑃Ω [4.28] 

is equal in both phases. Now, the only terms left to be computed are the total 

energy and the volume for a certain pressure. The pressure is calculated from the 

definition of the stress tensor, 

𝜎𝑖𝑗 =
𝑑𝐸𝑡𝑜𝑡𝑎𝑙(Ω𝑖𝑗)

dΩ𝑖𝑗
. [4.29] 

For the case of hydrostatic pressure, 𝜎𝑖𝑗 = −𝑃𝛿𝑖𝑗. For a given input pressure, the 

volume of the system is found to be the one that satisfies Eq. [4.29]. 

 Now it is possible to calculate the enthalpy vs pressure curves, or the total 

energy versus volume. This is illustrated in Fig. 4.10 for the case of InN. 

Calculations here performed are based on the DFT48 within the LDA49 using the 

Quantum ESPRESSO code.50 Theory is applied in plane-wave basis employing 

norm-conserving pseudopotentials of the Troullier-Martins type.51 The plane-wave 

cutoff energy is 80 Ry. The reciprocal space sampling is performed on a Monkhorst-

Pack mesh52 of 8×8×8 (for the rocksalt phase) and 8×8×4 (for the wurtzite phase). 

 The total energy, enthalpy and volume values shown in Fig. 4.10 correspond 

to a four atom system. It is important to remark that the comparison of all these 

magnitudes between different crystal phases only make sense if they are referred to 

the same amount of atoms. Note that the energy, enthalpy and volume quantities 

are extensive (this is, proportional to the size of the system, or number of atoms). 
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Here the number four has been chosen because there are four atoms in the unit cell 

of the wurtzite structure. 

  As it can be seen in Fig. 4.10, the transition pressure can be calculated in two 

equivalent ways. Firstly, as displayed in the left panel of Fig. 4.10, the transition 

pressure corresponds to the crossing between the 𝐻(𝑃) curves. Hence, 

𝐻(𝑃𝑡) = 𝐻′(𝑃𝑡) ⇒ 𝐸𝑡𝑜𝑡𝑎𝑙 + 𝑃𝑡𝑉𝑡 = 𝐸𝑡𝑜𝑡𝑎𝑙
′ + 𝑃𝑡𝑉𝑡

′ , [4.30] 

then, 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑡𝑜𝑡𝑎𝑙
′ + 𝑃𝑡(𝑉𝑡

′ − 𝑉𝑡) . [4.31] 

 The common tangent method consists in plotting a tangent line to one 𝐸(𝑉 ) 

curve at a certain point (volume of transition) at which it coincides with the 𝐸′(𝑉′) 

curve of the other structure. The slope of this common tangent corresponds (with a 

negative sign) to the transition pressure (see Eq. [4.29]). Thus, two conditions must 

hold. Firstly, the volume derivatives of the 𝐸(𝑉 ) curves must be the same at the 

respective transiting volume. This can be shown from Eq. [4.29], owing to the fact 

that the transition pressure value is (obviously) unique,  

𝑃𝑡 = −𝑑𝐸
𝑑𝑉

= −𝑑𝐸′

𝑑𝑉 ′ = 𝑃𝑡
′ . [4.32] 

Fig. 4.10. First principles calculations for InN in the wurtzite and rocksalt structures. Left 
panel: Enthalpy is plotted versus pressure in solid lines for each phase, at pressures above 
10.84 GPa  the rocksalt structure displays lower enthalpy values. The dashed lines correspond 
to the total energy at different pressure values. Right panel: Total energy versus volume curves 
for the wurtzite (black solid line) and rocksalt phases (red solid line).  The transition pressure 
can be calculated by the tangent method, the collapsing volume can be then inferred. 
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Secondly, the tangent line must be common (should connect) to both 𝐸(𝑉 ) curves, 

this is a consequence of Eq. [4.31], where the 𝑃𝑡(𝑉𝑡
′ − 𝑉𝑡) term takes into account 

the difference of total energy between both structures (see right panel of Fig. 4.10). 

 The here calculated transition pressure for InN is in excellent agreement with 

the 10.83 GPa and 11.1 GPa values calculated by K. Kunc28 and J. Serrano,30 

respectively. Nevertheless, these values are lower than those reported experimentally 

around 13 GPa.53,13,27,54 It has been observed that LDA-based calculations 

systematically underestimate the pressure transition value, as discussed in detail 

elsewhere.55 On the other hand, the calculated volume difference at the transition 

pressure, ∆𝑉 /𝑉 = 17.49%, as shown in Fig. 4.10, is in very good agreement with 

the results of high-pressure X-ray diffraction measurements:  ∆𝑉 /𝑉 = 17.6%,53 and 

∆𝑉 /𝑉 = 17.88%.56 

 

One and two-phonon Raman processes 

First-order disorder-activated modes 

Due to wave vector conservation, first-order Raman scattering processes in a 

perfect crystal involve phonon wave vector close to the center of the BZ. For a 

Raman measurement with visible light in the backscattering configuration the 

phonon wave vector 𝑞 = 4𝜋𝑛/𝜆𝑒𝑥𝑐 is of the order of 106 cm−1, which is around 1% 

of the BZ. However, defects and disorder can cause the breakdown of the wave 

vector selection rule because the coherence length of the crystal is reduced, and 

phonons with long wave vector can participate in first-order Raman processes. For 

instance, it has been shown that the Raman spectra of microcrystals can be related 

to the crystallite size using the spatial correlation model, also referred to as the 

phonon confinement model.57–59 This model assumes that the phonon wave vector 

participating in the Raman scattering process is not well defined and is exponentially 

damped.60 Within this framework the line shape of the first-order Raman spectra 

can be modelled as  
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𝑑𝜎
𝑑Ω

(𝑥)~𝑑𝑐
3 ∫ 𝑑𝒒 𝑒𝑥𝑝(−𝑑𝑐

2𝑞2)
[𝜔 − 𝜔(𝒒)]2 + Γ2

𝐵𝑍
, [4.33] 

where Γ is the full-width at half maximum (FWHM) of the Raman line shape for a 

perfect crystal, 𝜔(𝒒) the wavevector-dependent phonon frequencies and 𝑑𝑐 is the 

Gaussian correlation length. This model has been used to evaluate the effect of 

nano-columnar structures of InGaN thin films on the broadening of the E2h 

mode.61 For the case of amorphous materials, where the correlation length is much 

smaller (of the order of a few bond lengths), the Raman scattering spectrum reflects 

the PDOS of the entire BZ.62  

We would like to recall that the PDOS, 𝑔(𝜔), is defined as the density of 

normal vibrational modes per unit of volume, and 𝑔(𝜔)𝑑𝜔 is the number of modes 

with frequencies in the (𝜔, 𝜔 + 𝑑𝜔) range. This is calculated by adding the 

contributions of each phononic branch, 𝑠, after integration along the entire BZ for a 

given frequency: 

𝑔(𝜔) = ∑∫ 𝑑𝒌
(2𝜋)3 𝛿(𝜔 − 𝜔𝑠(𝒌))

𝐵𝑍𝑠
. [4.34] 

Alternatively, one can change the integration over a surface defined by 𝜔𝑠(𝒌) ≡ 𝜔. 

This is, from the condition of constant frequency, one can write 𝑑3𝑘 = 𝑑𝑆𝑑𝑘⊥, 

where 𝑘⊥ is a direction proportional to the surface of constant frequency. On the 

other hand, 𝑑𝜔 = |𝛁𝒌𝜔|𝑑𝑘⊥. This yields  

𝑔(𝜔) = ∑∫ 𝑑𝑺
(2𝜋)3

1
|𝛁𝒌𝜔𝑠(𝒌)|𝑠

. [4.35] 

Eq. [4.35] helps us to illustrate that the density of states is important for those 

frequencies where the phononic dispersion is flat. Calculated PDOS for the wurtzite 

and rocksalt phases of InN at different pressures can be found in the results section 

(see Article 4.3). In Aticle 4.2, lattice-dynamical calculations for CdO, which exhibits 

the rocksalt phase at ambient pressure, are also presented.  
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The first-order disorder-activated modes reflecting the PDOS are only 

observed on highly disordered systems. Such high disorder can be induced, for 

instance, by damaging the crystal lattice with ion bombardment.63 In this thesis, 

amorphization is observed after pressure-induced phase transitions; this is the case 

of InN after the wurtzite-to-rocksalt phase transition, where first-order disorder-

activated modes show up in the Raman spectra. Intense Raman features of disorder 

activated modes of rs-InN at high pressure were initially reported by Pinquier et al.13 

In this thesis (see Article 4.3 for details), we also find that that the wurtzite structure 

is recovered after the downstroke. The Raman spectrum of a recovered sample at 

room pressure is shown in Fig. 4.11 together with the spectrum of the same as-

grown sample before starting the high-pressure experiments. The disordered 

material has been obtained after two phase transitions, one from the wurtzite to the 

rocksalt structure in the upstroke cycle (around 13 GPa) and a second one after the 

downstroke cycle, from the rocksalt back to the wurtzite structure, which occurs 

around 2-3 GPa. It can be seen that the Raman spectrum of InN after two phase 

transitions exhibits broad bands at frequencies above 450 cm−1 and below 250 cm−1, 

which can be attributed to first-order disorder-activated modes of the wurtzite 

structure and which can be compared with the PDOS calculated for w-InN. 

 

 

 

Fig. 4.11.  

Comparison between Raman 
spectra of w-InN acquired at 
room pressure in the back-
scattering configuration for a 
highly crystalline sample 
(black line) and the same 
sample after undergoing two 
phase transitions (red line).   
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Second-order Raman scattering 

The first acquired second-order Raman spectra was taken for halite (rocksalt, 

NaCl) in 1931.64 The rocksalt structure is Raman-silent, which implies that only 

second-order Raman features should be observed. The nature of the second-order 

spectrum became highly controversial in the decade of 40’s between C. V. Raman65 

and M. Born66. The former defended that the second order scattering could be 

described by doubling the linear dimension of the unit cell and considering only the 

discrete frequencies at the Г-point of the BZ, in contradiction with the classical or 

quantum mechanics lattice-dynamical theory which predicted a continuous 

spectrum, as supported by M. Born. Further measurements found a continuous 

Raman spectrum for many rocksalt crystals, in agreement with Born’s theory.67 

Hence, phonons with large wave vectors participate in the second-order Raman 

process as long as the overall momentum of the process is conserved.  

The second-order Raman spectra have been the subject of research for many 

decades. For an appropriate interpretation of the spectrum, the selection rules of the 

second order modes must be taken into account.68 Also, the line shape of the 

Raman spectra can be calculated from the phononic branch contribution69 that 

include the temperature-dependent phonon occupation terms.70 Burstein et al.68 

showed, for the case of the rocksalt structure, that the second-order Raman 

spectrum can be successfully interpreted from the phonon dispersion curves as a 

combination of phonon pairs at specific high-symmetry points in the BZ. 

In order that a second-order Raman scattering process takes place the only 

condition is that the global energy and momentum are conserved. Hence, the 

Raman shift (i.e. 𝜔𝑖
𝑙 − 𝜔𝑠

𝑙 ) is related to the two-phonon frequencies, namely, 𝜔𝑝 and 

𝜔𝑝′ by 

𝜔𝑝(𝒒) ± 𝜔𝑝′(𝒒′) = 𝜔𝑖
𝑙(𝒌𝑖) − 𝜔𝑠

𝑙 (𝒌𝑠) , [4.36] 

where the momentum of each phonon 𝒒 and 𝒒′ must satisfy 

𝒒 + 𝒒′ = 𝒌𝑖 − 𝒌𝑠 ≈ 0 . [4.37] 
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The phonon sum and difference options of Eq. [4.36] are referred as combination and 

difference modes respectively. When the two phonons are identical, these are called 

overtones and, from Eqs. [4.36] and [4.37] these obey  

2𝜔𝑝(𝒒) = 𝜔𝑖
𝑙 − 𝜔𝑠

𝑙 , [4.38] 

and  

𝒒 ≈ −𝒒′ . [4.39] 

Hence, if the frequency in the Raman spectrum corresponding to the overtone 

modes alone is divided by two, the resulting spectrum corresponds to the PDOS (as 

defined in Eq. [4.34]) after correcting for a phonon occupancy term and for the 

scattering efficiency. Similarly, and neglecting the Raman selection rules, the 

combination and difference modes correspond to the sum and difference density of 

states.39,60 

 From a quantum mechanical approach, the second-order Raman scattering 

processes can be understood in terms of quasi-particle interactions. Two of the 

most probable combination scattering processes are depicted in Fig. 4.12 by using 

the corresponding Feynman diagrams. In the panel A of Fig. 4.12, two phonons are 

created successively by the intermediation of a virtual electron. Up to three 

electronic bands may participate in this process. In contrast, the Feynman diagram 

depicted in the panel B only allows the participation up to two bands in the 

Fig. 4.12.  

Feynman diagram for the 
two-phonon creation 
processes in the second-
order Raman-scattering 
mechanism.  
Panel A: Two phonons are 
created successively with 
the intermediation of an 
exciton.  
Panel B: Two phonons are 
simultaneously created. 
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scattering process. The distinction between these two mechanisms can be found 

under resonant conditions in a polar semiconductor.60 

 In this thesis (Article 4.2, see the results section), and for the sake of 

comparison with the case of rs-InN, the high-pressure behaviour of the second-

order modes of rs-CdO has been investigated. In this case, the joint experimental 

and theoretical work that we have performed has allowed us to assign the second-

order features that show up in the Raman spectra of this compound. 

 

Longitudinal optical plasmon coupled modes  

So far, the inelastic scattering of light by optical phonons in a crystal has 

been presented in terms of different scattering mechanisms (deformation potential, 

Fröhlich). For the case of extrinsic polar semiconductors other excitations can 

participate in the Raman-scattering process. In particular, electron-density waves, 

known as volume plasmons, interact with the longitudinal optical phonons because 

both have a long-range longitudinal electric field that couples with each other.71 The 

resulting modes are known as LOPCM’s.72 LO-plasma coupling yields two 

LOPCMs, known as the 𝐿+ and 𝐿−  modes, which have a mixed phononic and 

plasmonic character. The frequency of these modes depends on the electronic 

density. In particular, the frequency of the 𝐿+ mode in degenerate semiconductors 

is highly sensitive to 𝑁𝑒. For this reason, Raman scattering has proven to be a very 

useful technique for the evaluation of the electron density in polar 

semiconductors.72 In the particular case of InN the evaluation of 𝑁𝑒 by means of 

optical techniques such as Raman spectroscopy is particularly interesting because 

these allow to probe the bulk electronic density in a contactless and non-destructive 

way.73 

There exists a large variety of models with different levels of complexity to 

calculate the frequency and line shape of the LOPCMs as a function of carrier 

density. The simplest approach is based on the Drude susceptibility, so that the 

dielectric function including phononic (from Eq. [3.54]) and plasmonic (from Eq. 

[3.56]) contributions reads 
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𝜀(𝜔) = 𝜀∞ + 𝜀∞(𝜔𝐿
2 − 𝜔𝑇

2 )
𝜔𝑇

2 − 𝜔2 − 𝑖𝜔𝛾𝑙
− 𝜀∞𝜔𝑃

2

𝜔2 + 𝑖𝜔𝛾𝑝
. [4.40] 

Neglecting the phononic and electronic damping factors, 𝛾𝑙 and 𝛾𝑝, the zeroes of 

the real part of the dielectric function yield the frequencies of the LOPCMs 

𝜔±
2 = 1

2
[(𝜔𝐿

2 + 𝜔𝑃
2 ) ± √(𝜔𝐿

2 + 𝜔𝑃
2 𝜔𝐿

2 )2 − 4𝜔𝑃
2 𝜔𝑇

2 ] . [4.41] 

There are two real and positive solutions, 𝜔± corresponding to the 𝐿+ and 𝐿− 

modes, respectively. The dependency of the LOPCMs on the electron charge 

density, 𝑁𝑒, is plotted in Fig. 4.13 for w-InN. As it can be seen in this figure, at low 

(large) electron charge densities, the frequency of the 𝐿+ (𝐿−) mode approaches the 

frequency of the A1(LO) (A1(TO) mode) phonon mode. In this case, it is clear that 

the LOPCM exhibits phonon-like character. In contrast, at large (low) electron charge 

densities, the 𝐿+ (𝐿−) behave like the uncoupled free plasmons, and therefore the 

respective coupled modes clearly exhibit plasmon-like character.  

 

Fig. 4.13. The frequencies of the 𝐿− coupled mode of an n-type (1.6·1019 cm−3) w-InN epilayer 
measured at ambient pressure and 10 GPa (open symbols) are plotted versus the electronic 

density. The lower branch, 𝐿−, has been fitted to the experimental data within the Drude 

model approach. From the fitting, the electron effective mass has been adjusted. The 𝐿+ 

coupled mode (solid line) and the plasma frequency 𝜔P (dashed line) are also represented. 
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It is worth mentioning that another classical model, the hydrodynamical 

model (HD), is widely employed to evaluate 𝑁𝑒 from the LOPCM spectra because it 

includes the wave vector dispersion of the plasmon modes, as well as temperature 

effects.74,75 For a degenerate semiconductor, the free-carrier susceptibility in the HD 

approach can be expanded in terms of (𝑞/𝜔)76 yielding 

𝜀𝐻𝐷(𝜔, 𝑞) ≈ 𝜀∞ −
𝜀∞𝜔𝑝

2

𝜔2 + 𝑖𝜔𝛾𝑝
[1 + 3

5
𝑣𝐹

2 (
𝑞
𝜔
)

2
] , [4.42] 

which corresponds to the Drude model when 

𝑞 ≪ 𝜔2𝑚∗

ℏ𝑘𝐹
√5

3
. [4.43] 

It should also be noted that both the Drude and HD model do not include Landau 

damping effects. When the plasmon and Fermi wavenumbers are similar, the 

LOPCMs can interact with the free electrons. The wave vector range at which this 

interaction takes place is called single particle excitation (SPE) regime. The line 

shape of the LOPCMs in the SPE regime can be calculated with the Lindhard-

Mermin (LM) susceptibility, which includes quantum-mechanical effects within the 

random-phase approximation (RPA).77  

In this thesis, the pressure-dependence of the electronic effective mass of w-

InN has been evaluated from the pressure behaviour of the  mode of sample B2 

(see the results section, Article 4.3). As it can be seen in Fig. 4.13, two frequency 

values of the  mode measured at 0 and 10 GPa are plotted. The LOPCM exhibits 

a negative (positive) pressure coefficient when its character is plasmon-like 

(phonon-like). In the strong coupling region (this is, an intermediate electron density 

of the two extreme cases), the pressure coefficient of the LOPCMs diminishes. The 

negative pressure coefficient of the plasmon-like (and plasma) frequency is due to 

the fact that electron effective mass increases with pressure. In the results section 

(Article 4.3), a detailed analysis of the pressure behaviour of the  mode is 

presented. Such analysis allows us to obtain the pressure coefficient for the electron 

effective mass of w-InN: 𝑑𝑚∗/𝑑𝑃 = 3·10−3 𝑚𝑒 GPa−1; as discussed in detail in 

Article 4.3, this value is in good agreement with the 𝒌 · 𝒑 theory.  
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Martin’s double resonance mechanism on the LO modes  

During the last few years, extensive research has been carried out on highly-

crystalline InN samples by means of Raman scattering. The frequency of the non-

polar modes (i.e. E2l and E2h) and transversal polar modes E1(TO) and A1(TO) has 

been measured both in strained and unstrained samples.6,78 Nevertheless, sizably 

different values have been reported for the case of the longitudinal optical modes. 

For the case of n-type samples, one would expect to measure Raman signal arising 

only from the two modes of the LOPCMs and non-polar modes, but many authors 

reported a narrow feature in the region of the LO modes 580 – 596 cm−1.8,11,78–81     

Some authors proposed that the observed feature corresponds to the A1(LO) mode 

arising from the surface depletion layer that exists in doped InN.78 Other authors 

proposed that this mode arises from the large-wavevector LOPCMs with a 

frequency not far from that of the A1(LO) mode.82,83,84 The dependency of these 

modes with electron density was found to be compatible with high Landau damping 

regimes. Later, Cuscó et al.85 found that the frequency of this feature is highly 

dependent on the excitation source (the LO feature blueshifts up to 5 cm−1 from 

using the 514.5-nm to the 780.0-nm laser lines), and the feature was attributed to the 

resonant E1(LO) mode arising from the relaxation of the selection rules owing to 

the presence of defects in the crystal lattice. More recently, Davydov et al.14 reported 

a systematic study of the dependence of the A1(LO) and E1(LO) modes with 

excitation energy. They reported a decrease of the phonon frequency as high as 10 

cm−1 with increasing excitation energy from 1.17 eV to 2.81 eV.14,86 This result was 

attributed to a Martin’s double resonance mechanism.87 Such process presumably 

takes place for small bandgap semiconductors with a sharp, deep electronic 

dispersion of the conduction-valence bands (typically near the center of the BZ, Г) 

for excitation energies larger than the bandgap energy, and typically covering a wide 

range of the wave vector electronic dispersion. This mechanism has been observed 

for GaAs,88 graphite,89,90 and more recently graphene.91,92  

A Feynman diagram of the Martin’s double resonance process is shown in 

Fig. 4.14. This consists in a fourth-order process in which the scattering mechanism 

is mediated by a charged ion.83 It can be seen that an incoming photon creates an 
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electron-hole pair (1), the energy of the excited pair corresponds to that of the 

photon, and the associated wave vector, 𝑞, is defined by the electronic dispersion of 

the valence and conduction band of the semiconductor which is represented in Fig. 

4.15, panel A. Following the Feynman’s diagram, the electron is then elastically 

scattered by a charged impurity (2), and the momentum of the electron-hole pair 

changes arbitrarily to an allowed state of the conduction band at the same energy. 

Then, the electron-hole pair scatters inelastically and excites an LO phonon via the 

Fröhlich mechanism. The phonon acquires the necessary momentum so that the 

electron-hole pair returns to its initial wave vector (3), recombining and emitting the 

outgoing photon (4). Note that the ordering of the (2) and (3) processes can be 

interchanged. The double-resonance process takes place only when electrically 

charged defects are present in the crystal lattice. For the case of InN, Cuscó et al.93 

reported an important increase of the Raman intensity of the longitudinal modes in 

magnesium-doped InN samples. Measurements with different polarizations revealed 

that the A1(LO) and E1(LO) forbidden modes were observed in highly doped 

samples. All these results are consistent with the impurity-assisted, wave vector non-

conservation nature of the Martin’s mechanism.87,94  

 
Fig. 4.14. Feynman diagram of the Martin’s double-resonance mechanism. This process takes 
place in InN for the large wave vector LO phonon modes. The dashed lines represent photons, 

the wavy line (2) and the solid lines electron-hole pairs. A photon with initial energy ℏ𝜔𝑖 

scatters inelastically in a fourth order process, the scattered phonon ℏ𝜔𝑠 has a decreased energy 

corresponding to that of the created (for the Stokes case) phonon with a wave vector 𝑘 = 2𝑞, 

where 𝑞 is the wave vector at which the exciton has been created. The global momentum of the 
interaction is conserved. 
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The scattering cross-section of the interaction can be calculated from 

perturbation theory including the four Hamiltonians (see Fig. 4.14) for the photon-

exciton interaction (Hem and H’em), the Coulomb interaction of the free electron 

with the charged impurity (HC) and the inelastic scattering of the free electron with a 

phonon via the Fröhlich interaction (HF). As discussed elsewhere,88 the cross 

section of this process is higher than third order processes (where the phonon wave 

vector 𝑘 ≈ 0) because the cross section of the impurity-induced Fröhlich process is 

proportional to ~𝑘2 (thus, important for long wave vectors) and the momentum-

conservation is relaxed. In the Martin’s double resonance mechanism the wave 

vector of the process is 𝑘 = 2q (see Fig. 4.15). 

The role of pressure on Martin’s mechanism can be analyzed with the aid of 

Fig. 4.15. Here, the electron-hole dispersion has been plotted for InN at two 

selected pressures (0 and 10 GPa). The electronic dispersion has been calculated 

using a 𝒌 · 𝒑 approach that takes into account nonparabolicity effects,14  

Fig. 4.15. Panel A (left panel): Electronic dispersion of the electron-hole pairs (only light-holes 
considered) for wurtzite InN at room pressure (black line) and 10 GPa (red line). The black 
dashed arrows indicate the different steps of the Martin’s mechanism: sequentially, (1) an 
electron-hole pair is formed from an incident photon ( ωi corresponding to the 633-nm laser 
line energy), (2) the electron scatters elastically with a charged impurity changing its momentum, 
(3) the electron scatters inelastically with a phonon, recovering its original wave vector, and (4) 
the electron-hole recombines emitting a photon ( ωs). Red arrows show the same process for 

the dispersion curve at 10 GPa. Panel B (right panel): The resulting phonon wave vector (2𝑞) is 
plotted as a function of laser excitation energy for 0 and 10 GPa (black and red solid lines, 
respectively).  
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𝐸𝑒ℎ(𝑘, 𝑃 ) = 𝐸𝑒 (√ ℏ2𝑘2

2𝑚𝑒
∗(𝑃)𝐸𝑒

+ 1
4

− 1
2
)

+ 𝐸𝑙ℎ (√ ℏ2𝑘2

2𝑚𝑙ℎ
∗ (𝑃 )𝐸𝑙ℎ

+ 1
4

− 1
2
) , 

[4.44] 

where 𝐸𝑒 (0.4 eV for InN) and 𝐸𝑙ℎ (0.8 eV for InN)14 are nonparabolicity 

coefficients which are assumed to be pressure-independent for simplicity. The 

effective masses (for InN, 𝑚𝑒
∗=0.07 and 𝑚𝑙ℎ

∗ =0.035) can be assumed to depend 

linearly on the bandgap energy at a given pressure (see Eq. [3.45]). In the panel A of 

Fig. 4.15, Martin’s process is represented with arrows on the electronic dispersion. 

Following the figure, the exciton is created (1) with an energy corresponding to the 

particular case of the 632.8-nm line of an He-Ne laser, then the free electron 

scatters elastically (2) with an impurity, recovers its initial wave vector with an 

inelastic scattering with a phonon (3) and recombines emitting the outgoing photon 

(4). The same process has been plotted in red arrows for the bands at 10 GPa, and it 

can be seen that in the latter, the momentum of the excited phonon has been 

reduced. This can be better seen in the panel B of Fig. 4.15, where the wave vector 

of the phonon (2𝑞) is represented as a function of excitation energy for two 

pressures. As the pressure increases, the phonon wave vector is reduced for a given 

excitation energy. The change of wave vector with pressure is clearly more 

important for excitation energies in the vicinity of the direct bandgap energy. 

Owing to the fact that the wave vector of the phonon is selected via the 

electronic dispersion of the material, and that the electron-hole dispersion changes 

with pressure, one can expect that the pressure coefficient of LO modes with large 

wave vector will be effected by the pressure-induced changes in wave vector. In 

fact, the LO phonon frequency decreases with increasing wave vector (see, for 

instance, the phonon dispersion curves as calculated for InN in Article 4.3). This 

means that pressure will modify the frequency of the phonons by two mechanisms: 

(a) the expected increase in frequency of the LO branches in the BZ, and (b) the 

decrease of the wave vector of the LO modes as pressure increase. This effect has 

been evaluated in this thesis (see Article 4.3 for details). For the case of InN, it has 
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been observed that the pressure coefficient of the A1(LO) mode is expected to 

increase only ~0.5 cm−1GPa−1 either using red (632.8-nm) or green (514.5-nm) laser 

light as excitation source as a consequence of the Martin’s double resonance 

mechanism. It is interesting to note that (see the panel B of Fig. 4.15), sizable 

pressure-induced changes in the double-resonance mechanism might occur for 

excitation energies near the direct bandgap of w-InN.  
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4.3. Results and list of published works 

 In this thesis, high-pressure Raman-scattering measurements have been 

performed on the wurtzite and rocksalt crystal structures of InN. For this purpose, a 

number of different samples, listed in Table 3.1, have been investigated. Also, and 

for the sake of comparison, an epilayer of rocksalt CdO has also been studied. The 

work carried out for this thesis has given rise to three publications, Articles 4.1, 4.2, 

and 4.3, which can be found attached in the following pages: 

 

- Article 4.1: High-pressure Raman scattering in wurtzite indium nitride, by J. Ibáñez, F. J. 

Manjón, A. Segura, R. Oliva, R. Cuscó, R. Vilaplana, T. Yamaguchi, Y. Nanishi and 

L. Artús. Published in Applied Physics Letters (2011), vol. 99, p. 01190. 

 

In this work, we presented Raman-scattering measurements at high 

hydrostatic pressures on c-face and a-face InN layers. The aim of this work was to 

perform a preliminary investigation of the high-pressure behavior of the zone-center 

optical phonons of wurtzite InN. This work allowed us to obtain the linear pressure 

coefficients and mode Grüneisen parameters of w-InN. The experimental results 

were compared with theoretical values obtained from ab initio lattice-dynamical 

calculations based on DFT-LDA. Good agreement was found between the 

experimental and calculated results. In Article 4.3, a more comprehensive study of 

the pressure behavior of the phonons of w-InN and rs-InN is presented. 

 

- Article 4.2: High-pressure Raman scattering of CdO thin films grown by metal-organic vapor 

phase epitaxy, by R. Oliva, J. Ibáñez, L. Artús, R. Cuscó, J. Zúñiga-Pérez, and V. 

Muñoz Sanjosé. Published in Journal of Applied Physics (2013), vol. 113, p. 053514  

 

The aim of this work was to study the pressure behavior of the phonons in a 

compound exhibiting the rocksalt structure at ambient pressure, and to compare 

with the case of rs-InN, which is only stable above 13 GPa. For this purpose, we 

performed Raman-scattering measurements under high hydrostatic pressure on 

high-quality CdO thin films grown by metal-organic vapor phase epitaxy on 
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sapphire substrates. The pressure dependence of the second-order Raman bands 

was discussed in terms of DFT-LDA lattice-dynamical calculations, which also 

allowed us to obtain the mode Grüneisen parameters for the zone-center TO and 

LO modes of CdO. Our experiments and calculations allowed us to conclude that at 

low pressures (<4 GPa) the Raman spectra of CdO are dominated by second-order 

modes, while at higher pressures (>4 GPa) the spectra mainly display contributions 

from disorder-activated first-order modes. This is in contrast with the case of rs-

InN after the wurtzite-to-rocksalt transition. In this case, the Raman spectra are 

dominated by first-order disorder activated modes, probably due to the fact that the 

samples are amorphized after the phase transition. 

 

- Article 4.3: High-pressure lattice dynamics in wurtzite and rocksalt indium nitride investigated 

by means of Raman spectroscopy, by J. Ibáñez, R. Oliva, F. J. Manjón, A. Segura, T. 

Yamaguchi, Y. Nanishi, R. Cuscó, and L. Artús. Published in Physical Review B 

(2013), vol. 88, p. 115202. 

 

The aim of this work was to extend the knowledge on the high-pressure 

vibrational properties of InN gained in Article 4.1. We carried out a comprehensive 

experimental and theoretical (DFT-LDA) lattice-dynamical study of InN at high 

hydrostatic pressures. For this purpose, we performed Raman scattering 

measurements on five w-InN epilayers, with different residual strain and free 

electron concentrations. We also performed ab initio lattice-dynamical calculations 

on both wurtzite InN (w-InN) and rocksalt InN (rs-InN) as a function of pressure, 

in order to interpret the experimental results. We compared the experimental and 

theoretical pressure coefficients of the optical modes in w-InN, and we analyzed the 

role of residual strain on the measured pressure coefficients of the wurtzite phase. 

In the case of the LO band, we analyzed in detail its pressure behavior considering 

the double-resonance mechanism that is thought to be responsible for the selective 

excitation of LO phonons with large wave vectors in w-InN. The pressure behavior 

of the L− coupled mode observed in heavily doped n-type w-InN (sample B2 of 

Table 3.1) also allowed us to estimate the pressure dependence of the electron 
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effective mass in w-InN. The results thus obtained were found to be in good 

agreement with k·p theory. The wurtzite-to-rocksalt phase transition on the 

upstroke cycle, and the rocksalt-to-wurtzite backtransition on the downstroke cycle 

were investigated, and the Raman features that show up in the respective spectra 

were interpreted in terms of the DFT lattice-dynamical calculations. In both cases, 

we concluded that the Raman spectra of both phases after the corresponding phase 

transitions arise from highly disordered material, i.e., the Raman spectra are 

dominated by first-order disorder activated modes. 
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CHAPTER 5 

Optical and vibrational properties 
of InGaN 

5.1. Introduction 

 InxGa1-xN thin films were initially synthetized in the mid 70’s by means of 

the electron beam plasma technique.1,2 But it was not until the late 80’s, during the 

race for the growth of efficient GaN-based blue LEDs, that important efforts were 

put into the characterization and growth of high-quality InGaN thin films.3–5 Most 

remarkably, S. Nakamura et al. demonstrated that InGaN can be used as an active 

layer to obtain high-brightness blue LEDs.6–8 Also, as discussed in the previous 

chapters, improvements in the growth of InN led to the discovery of its fundamen-

tal bandgap, around 0.64 eV, much lower than the previously thought ≈1.8 eV val-

ue.9 This finding gave renewed interest to the InGaN alloy because the range of op-

toelectronic applications of this material system could be extended from the ultravi-

olet (3.4 eV) to the infrared energies (0.64 eV), covering the whole visible spectral 

region.10 Despite the high technological interest of InGaN alloys, the growth of un-

strained and homogeneous thin films is still challenging. 

 A major difficulty in the growth of high-quality InGaN is the lack of compo-

sitional homogeneity. For instance, spinodal decomposition has been reported for 

MBE-grown samples.11 Also, some authors have reported the existence of indium-

rich InGaN nanoclusters that segregate near the surface during the growth pro-

cess.12,13 On the other hand, lattice mismatch, and different thermal expansion coef-

ficients between the layer and the substrate result in strain, the relaxation of which 

results in high densities of dislocations. These can be partly reduced by using GaN 

buffer layers instead of direct growth on sapphire or 6H-SiC substrates.5 Neverthe-

less, the in-plane lattice mismatch between GaN and InGaN can be as high as 𝛥𝑎/𝑎 

= 11% in In-rich samples, which results in importantly strained InGaN layers. Dur-

ing growth, the built-in strain accumulates up to a certain thickness, above which it 

is relaxed by dislocations and defects. The thickness at which this takes place is 
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known as critical layer thickness (CLT). At higher thickness the sample grows more 

relaxed but at the expense of lower crystal quality.14 Characterizing the effects of 

compositional fluctuations, strain and defects on the optoelectronic properties of 

the InGaN active layers is essential in order to improve growth methods and opti-

mize device performances. 

 The characterization of the structural, vibrational and optoelectronic proper-

ties of InGaN as a function of composition is in general not straightforward. For 

instance, determining the alloy composition of an InGaN epilayer from X-ray dif-

fraction measurements might be misleading because the lattice parameters of 

InGaN depend on indium concentration and also on the strain caused by the sub-

strate. Thus, it is in general necessary to use a combination of different characteriza-

tion techniques in order to properly determine the relevant properties of the alloy.  

For the determination of the fundamental bandgap of InGaN several effects 

must be taken into account. Firstly, composition fluctuations of the order of 10-

20% indium concentration can take place in different spatial scales, ranging from 

the sub-micron scale up to the millimeter scale.15 Hence, the measured bandgap val-

ues obtained with optical methods may strongly depend on the particular technique 

used, as discussed later in this chapter. Secondly, compressive strain arising from the 

substrate can importantly modify the bandgap. For the case of gallium-rich InGaN 

samples grown on GaN/Al2O3 templates, some authors have reported strain-related 

blueshifts of the bandgap as high as ~200 meV.14,16 Other effects, such as high elec-

tron concentration or impurity recombination centers, also modify the optical 

bandgap of InGaN.17  

It is well known that the compositional dependence of the bandgap of 

InGaN is not linear, but displays a quadratic dependence as a function of In/Ga 

content which is usually expressed in terms of a bowing parameter, b. Early studies 

found a large bowing parameter of 2.3 eV,18 2.5 eV19 and 2.6 eV20 but currently ac-

cepted values are around b = 1.43 eV.21  In order to determine the bandgap of 

InGaN and its compositional dependence, it is clear that all the effects described 

above must be carefully taken into account. One of the aims of this chapter will be 
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to evaluate the importance of these effects in high-quality InGaN epilayers grown 

on GaN/Al2O3 templates. 

As already mentioned throughout this thesis, the measured (optical) bandgap 

significantly depends on the characterization technique. As is well known, optical 

emission (luminescence) techniques tend to report lower energies than absorption 

experiments; the difference between these two values is called Stokes shift.22 The 

origin of this difference is mainly related, in the case of InGaN alloys, to the com-

positional inhomogeneities.  

With regard to theoretical calculations of the bandgap of InGaN, ab initio 

methods have been applied with the aim of determining, among many other physi-

cal properties, the bowing parameter.23,24 Nevertheless, it is challenging to calculate 

the bandgap of any alloy because a supercell consisting of many atoms with differ-

ent arrangements must be used. This adds to the well-known limitations of some 

approaches such as density functional theory (DFT), which gives rise to important 

underestimations of the bandgap values. Recent results using more sophisticated 

methods have found b = 1.6 eV for InGaN, in fairly good agreement with experi-

ments.25  

 Aside from optical measurements, vibrational techniques such as Raman or 

Brillouin scattering may be highly informative to characterize the crystal quality and 

other relevant properties of semiconductor materials. In particular, Raman scatter-

ing has proven useful to evaluate the composition,26–32 bandgap energy,20,26 mor-

phology,33–35 homogeneity,30,32,34,36–41 and strain,32,35,42–45 of InGaN thin films and 

heterostructures such as superlattices. A typical near-resonant backscattering meas-

urement of a InGaN thin film grown on its c-axis is dominated by two characteristic 

Raman bands, the E2h nonpolar mode and the A1(LO) polar mode, which is Fröh-

lich resonant. As shown in numerous previous works, these modes exhibit one-

mode behavior in the InGaN alloy. 

As in the case of the optical bandgaps, the experimental determination of the 

dependence of the InGaN phonon frequencies with composition is not straightfor-

ward and many effects must be taken into account. Firstly, in-plane compressive 

(tensile) strain arising from the substrate causes the phonon modes to blueshift (red-
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shift). As already mentioned, the evaluation of strain and composition with structur-

al techniques such as X-ray diffraction (XRD) is usually difficult, and therefore it 

may be highly desirable to determine the alloy composition independently (for in-

stance, by means of energy-dispersive X-ray spectroscopy (EDX) or similar meth-

ods). Once the strain values are well known, the Raman frequencies corresponding 

to unstrained material can be calculated by using the corresponding phonon defor-

mation potentials. Secondly, the samples may exhibit in-depth compositional varia-

tions, and as a consequence the Raman frequencies may depend on the excitation 

wavelength. Indeed, different regions of the samples are probed with different exci-

tation wavelengths. For instance, the penetration depth varies from ~100 nm using 

the 325-nm line for an intermediate indium composition up to (ideally) several mil-

limeters in the transparency region.15 Finally, lateral composition fluctuations broad-

en the phonon peaks, and in particular, the A1(LO) polar mode, which is usually 

resonantly excited through the Fröhlich interaction mechanism.30 One of the aims 

of the present chapter will be to understand the role of all these effects on the opti-

cal phonon behavior of InGaN. 

 In turn, some works have studied the lattice-dynamics of InGaN by means 

of theoretical calculations. This is a very challenging task because the phonon sym-

metry of the wurtzite structure is lost due to the randomly distributed chemical spe-

cies (the In and Ga cations) and distorted positions of the ions. Therefore, a large 

amount of multiple bands may be expected in the phonon dispersion curves of 

InGaN when supercell calculations are performed. In a more simplistic approach, 

H. Grille et al.46 assumed that the symmetry of the alloy is preserved in its wurtzite 

structure. Interpolating the interatomic force constants and other parameters of the 

pure compositional end-members, they calculated the frequency of the phonon 

modes as a function of composition using a method based on the modified random-

element isodisplacement (MREI) model and a rigid-ion model. These authors found 

an almost linear, one-mode dependence of the phonon modes with composition. 

While calculations for the AlGaN system using this approach are in good agreement 

with experimental results47 this is not the case for InGaN, where important devia-

tions from linearity of the A1(LO) or E2h frequencies are usually found.32 Other ap-
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proaches based in the Born-Huang model, or virtual crystal approximation (VCA), 

have been used to study the phonons of InGaN.48 The elastic constants and pres-

sure dependence have been calculated by means of ab initio calculations either using 

alchemical pseudopotential mixing23 or supercells.24 Calculations based on supercells 

showed that the composition-dependence of the elastic constants is highly sensitive 

to the particular arrangement of the ions inside the unit cell. Therefore, an experi-

mental determination of the elastic constants of InGaN, for instance by means of 

Brillouin scattering, would be highly desirable in order to confirm the theoretical 

predictions.  

As already seen in the previous chapters, high-pressure optical and vibration-

al measurements are widely employed to study semiconductor materials, since they 

provide relevant information about the band structure and the lattice-dynamics of 

semiconductor compounds. One of the main aims of this chapter will be to revisit 

the high-pressure optical properties of InGaN and, in particular, to perform a high-

pressure Raman study on a set of InGaN epilayers with different In compositions, 

and grown on different substrates. To our knowledge, this is the first high-pressure 

Raman investigation on the InGaN alloy. 

Thus, in this chapter optical and vibrational measurements are performed at 

room and high-pressure conditions on a series of InGaN epilayers. The samples 

used for the different studies on the InGaN alloy are listed in Tables 5.1, 5.2 and 5.3 

below. The principal aim of this part of the thesis is to better understand the com-

positional dependence of the bandgaps and of the optical and acoustic phonons of 

InGaN and their pressure behaviour. For this purpose, and among others, we em-

ploy different analytical techniques such as photoluminescence (PL), optical absorp-

tion, Raman scattering or Brillouin spectroscopy. 
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Goals of this chapter 

 To reevaluate the bowing parameter of InGaN with optical techniques by 

using the available samples. 

 To determine the compositional dependence of the A1(LO) and E2h 

phonon modes of InGaN. 

 To understand the origin of the excitation-wavelength dependence of the 

frequency of the A1(LO) Fröhlich resonant mode of InGaN. 

 To evaluate the compositional dependence of the acoustic modes and the 

elastic constants of InGaN by means of Brillouin scattering. 

 To study the folded acoustic phonons in InGaN/GaN superlattices by 

means of Raman scattering. 

 To determine the pressure dependence of the A1(LO) mode of InGaN as 

a function of composition. 

 

List of samples used in this chapter 

For this chapter, three sets of InGaN samples have been used. The first set, 

listed in Table 5.1, has been employed for Raman, Brillouin and optical-emission 

studies. These are high-quality InGaN epilayers grown on GaN/Al2O3 templates by 

plasma-assisted molecular beam epitaxy (PAMBE). In these samples, the GaN buff-

er layer has a thickness of 4 μm and the nominal sample thickness is between 

200−1200 nm. Further details of the growth process and characterization of these 

samples can be found elsewhere.49  

We would like to mention that high-resolution XRD measurements were 

performed on these samples to evaluate their composition and strain state, which 

was obtained from reciprocal space maps (RCMs) around the symmetrical (𝟎𝟎�̅�) 

and the asymmetrical (𝟏𝟏𝟒)̅ and (𝟎𝟏�̅̅̅̅�) reflections. In order to assess the composi-

tion values, EDX measurements were also performed on some of the samples 

(A1053, A1012 and A1010, see Table 5.1). The residual electron concentration of 

the InGaN samples was found to be in the range 3·1018−1·1019 cm−3, as determined 

by Hall-effect measurements on some of the epilayers (A1053, A1012, A1010 and 
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A1018). These results are similar to those found in samples grown under similar 

conditions.19,50  

The second set of samples, used for high-pressure Raman-scattering meas-

urements, is listed in Table 5.2. These samples consist of InGaN epilayers grown on 

(111)-oriented silicon substrates. The samples were grown by metal-organic chemi-

cal vapor deposition (MOCVD), with a small (~10 nm thick) InAlN accommoda-

tion layer which was deposited prior to the growth of the InGaN epilayer.  

The last set of samples, which have been used to the study the folding of the 

acoustic modes in InGaN, is listed in Table 5.3. The samples in this set consist of 

InGaN/GaN superlattices grown by molecular beam epitaxy (MBE) on sapphire 

substrates with a 5-7 μm thick GaN buffer layer. Each InGaN-GaN bilayer has a 

thickness between 8 and 18 nm and is sequentially grown 25−90 number of times. 

Further details of the growth process and characterization of these samples can be 

found elsewhere.51 

 

 

Sample Structure 
Thickness 

(nm) 

Relaxation 

(%) 

Ne 

(cm−3) 

A1053 In17Ga83N/GaN/Al2O3 650 ‒ 1.36·1019 

A969 In25Ga75N/GaN/Al2O3 200 68 ‒ 

A1012 In28Ga74N/GaN/Al2O3 1200 48 3.19·1018 

A1004 In33Ga67N/GaN/Al2O3 960 40 ‒ 

A1010 In34Ga66N/GaN/Al2O3 710 57 8.58·1018 

A1018 In42Ga58N/GaN/Al2O3 710 ~50 7.16·1018 

A1035 In44Ga56N/GaN/Al2O3 560 50 ‒ 

A1177 In68Ga32N/GaN/Al2O3 500 100 ‒ 

A1182 In75Ga25N/GaN/Al2O3 500 ~100 ‒ 

S1450 In90Ga10N/GaN/Al2O3 ‒ ‒ ‒ 

Table 5.1. List of InGaN/GaN/Al2O3 samples used in this thesis. The InGaN epi-
layers have been grown by plasma-assisted molecular beam epitaxy (PAMBE) on 
GaN/Al2O3 templates, the thickness of the buffer layer is of 4 μm.  
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Sample Structure 
Thickness 

(nm) 

MD8023 In11Ga89N/In35Al65N/Si(111) 350 

MD8021 In19Ga81N/In35Al65N/Si(111) 300 

MD7951 In30Ga70N/In35Al65N/Si(111) 360 

MD7950 In36Ga64N/In35Al65N/Si(111) 400 

MD7520 In37Ga63N/In37Al63N/Si(111) 463 

MD7195 In43Ga57N/In38Al62N/Si(111) 541 

MD7545 In45Ga55N/In35Al65N/Si(111) 446 

Table 5.2. List of InGaN samples grown by grown by metal-

organic chemical vapor deposition (MOCVD) on Si(111) sub-

strates, an InAlN accommodation with a thickness of ~10 nm has 

been deposited before the epitaxial growth of InGaN. 

Sample 

Structure

(SLs on GaN/Al2O3 

substrates) 

Total 

thickness 

(nm) 

Thickness 

InGaN 

(nm) 

Thickness 

GaN  

(nm) 

A In30Ga70N/GaN 500 3.5 4.5 

B In18Ga82N/GaN 800 4.6 4.2 

C In23Ga77N/GaN 400 4.5 4.5 

D In15Ga85N/GaN 500 4.4 8.1 

E In33Ga67N/GaN 500 7.7 7.7 

F In38Ga62N/GaN 450 7.5 9.8 

G In19Ga81N/GaN 620 4.5 13.3 

Table 5.3. List of InGaN/GaN superlattices grown by means of molecular beam 

epitaxy (MBE). The SL’s have been grown on sapphire substrates with 5-7 μm thick 

GaN buffer layers. 
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5.2. Theoretical framework 

5.2.1. Optical properties  

The bandgap and bowing parameter 

In general, semiconductor alloys exhibit a nonlinear bandgap dependence 

with composition. From a fundamental perspective, two effects mainly account for 

this fact. Firstly, an intrinsic bowing is obtained from virtual-crystal approximation 

(VCA) calculations. Secondly, the short-range effect of aperiodicity (i.e. disorder) of 

the potential. The latter statistically increases the available states in the vicinity of the 

conduction/valence bands, but without altering the shape of the absorption spec-

trum.52,53 For the case of ternary alloys with large differences in the lattice constant 

of the binary compounds (as is the case of InGaN) or with highly-localized states 

(as is the case of the nitrides), both contributions must be considered.54  

Generally, an empirical parabolic function is used to fit the composition de-

pendence of the fundamental bandgap. For the case of InGaN 

𝐸𝐺
𝐼𝑛𝐺𝑎𝑁(𝑥) = 𝐸𝐺

𝐼𝑛𝑁𝑥 + 𝐸𝐺
𝐺𝑎𝑁(1 − 𝑥) − 𝑏𝑥(1 − 𝑥) , [5.1] 

where 𝑏 is the so-called bowing parameter, and 𝑥 is the indium molar fraction. It 

must be noted that studies before 2002 overestimated the bowing parameter be-

cause the bandgap of InN was taken larger than the actual, well-stablished value of 

𝐸𝐺
𝐼𝑛𝑁  = 0.65 eV.  

It has been proposed that group-III nitrides share a common universal bow-

ing parameter, after scaling the bandgap energy of the composition end-members.55 

This conjecture is supported by the hypothesis that the main contribution to the 

bowing arises from composition disorder.56 Also, it has been found that the 

bandgap values of indium-rich InGaN and InAlN match for the same lattice param-

eter.10   

Numerous works report bowing-parameter values for the InGaN alloy, ob-

tained with optical measurements. Many of these works focused on the Ga-rich 

compositional region, since highly crystalline GaN is in general easier to grow than 

InN and early high-quality InGaN samples were typically Ga-rich.57,58 From the in-
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vestigations in the Ga-rich region it was soon found that the bowing parameter was 

composition-dependent and decreases with increasing indium concentration.57,59,60 

Using MBE-grown samples, Hori et al.18 and Davydov et al.19 estimated a rather 

large bowing parameter from luminescence measurements of b = 2.3 eV and 2.5 eV, 

respectively. From the composition dependency of the bandgap of InGaN they 

concluded that the fundamental bandgap of InN was below 1 eV, around 0.7 eV. 

Nevertheless, their studies did not take into account important effects on the evalu-

ation of the bandgap such as strain or the Stokes shift, which, as described below, 

are important for the determination of the fundamental bandgap and bowing pa-

rameter of InGaN.  

On the other hand, Kurouchi et al.61 measured a lower bowing parameter, b 

= 1.8 eV, in fully-relaxed thin films grown directly on sapphire substrates. They per-

formed absorption and PL measurements but only considered the latter because the 

absorption measurements revealed a fundamental bandgap for InN around 0.9 eV, 

higher than expected. Considering their reported absorption values for the bandgap 

of indium-rich InGaN samples, the adjusted bowing parameter would be signifi-

cantly smaller.21  

Wu et al.21 measured a small bandgap bowing parameter, around 𝑏 = 1.43 eV. 

For their set of samples these authors reported a large Stokes shift (up to ~0.5 eV at 

intermediate InGaN composition) by comparing PL and absorption measurements. 

The 𝑏 = 1.43 eV value agrees well with most theoretical studies,25,59,62–70, and is the 

recommended value reported in several reviews.10,65,71 Nevertheless, this work did 

not evaluate the effects of strain or residual electron density, which could important-

ly modify the optical bandgap as shown later in this chapter. 

With regard to theoretical calculations of b, it has to be noted that most of 

the existing works rely on additional ad hoc corrections to properly calculate the 

bandgap of the composition end-members, which are typically underestimated.59 

For instance, negative values for the bandgap of InN have been reported by GGA- 

and LDA-based calculations.54,62–64,68 Newer hybrid functionals allowed to better 

calculate the fundamental bandgap of InN and GaN, and presumably that of 

InGaN by means of DFT, employing HSE06 or PBE functionals.59,72 These latter 
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studies reported a bowing parameter of 𝑏 = 1.36 eV. However, using the PBE0 

functional other authors found a bowing parameter equal to 𝑏 = 1.63 eV.73  

As already mentioned, in order to accurately determine the fundamental 

bandgap of InGaN by means of optical techniques, one must bear in mind that the 

emission energy is significantly lower than the absorption edge (Stokes shift), which, 

in the case of alloys, is mostly a consequence of compositional alloy fluctuations. In 

order to understand the large Stokes shift observed in group-III nitride alloys, many 

works have performed measurements as a function of temperature and/or power 

excitation. Here, a general overview on this topic will be presented, with the aim of 

better understanding the results of PL and CL measurements in the InGaN system. 

Also, it will be shown that absorption measurements allow one to determine the 

mean bandgap of an inhomogeneous alloy. Finally, the effect of residual electron 

density and strain effects will be evaluated in order to obtain an estimation of the 

bowing parameter of InGaN. 

 

Compositional inhomogeneity and the Stokes shift  

As explained in Chapter 3, the optical emission in InN is determined by electronic 

band filling effects and radiative recombination from shallow impurity levels. For 

the case of InGaN, composition fluctuations at the nano- and micro-scale are re-

sponsible for an important part of the observed Stokes shifts.74,75 The importance of 

this mechanism has been confirmed by Huang et al.74, who showed that the Stokes 

shift increases up to indium concentrations around 50% and decreases again at 

higher indium concentrations for samples with similar crystal quality.76 In general, 

highly homogeneous samples will exhibit a low Stokes shift, while poorly crystalline 

InGaN samples with large composition inhomogeneities will exhibit a large Stokes 

shift, arising from radiative recombination of localized states and from indium-rich 

clusters. 

A scheme of the Stokes shift mechanism in laterally inhomogeneous samples 

is shown in Fig. 5.1, where the conduction and valence band edges are plotted along 

different spatial regions of a typical inhomogeneous InGaN sample.  Note that the 

absorption process can take place for any available state between the valence and 
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conduction band. Thus, neglecting electron density or strain effects, optical ab-

sorption provides a good measure of the average bandgap of the alloy. Other optical 

techniques suitable to evaluate the fundamental bandgap of InGaN are photolumi-

nescence excitation (PLE),19,74 photocurrent (PC)77,78 or photoreflectance (PR).79–81 

In contrast, the optical emission energy is lower than the average gap. For the lumi-

nescence process, the excited carriers tend to decay to the lowest-potential regions.82 

Thus, recombination takes place preferably at indium-rich clusters. As revealed by 

spatially-resolved cathodoluminescence, emission is enhanced in indium-rich clus-

ters.77,83  

A typical PL and absorption spectrum of InGaN is shown in Fig. 5.2. These 

spectra were obtained from sample A1018 (see Table 5.1). As it can be seen in the 

figure, the line shape of the absorption edge of InGaN is not sharp, in contrast to 

what would be expected for a direct-bandgap semiconductor, but exhibits a smooth 

tail near the absorption edge. The origin of this feature can be attributed to defects 

and composition fluctuations that contribute to the density of states around the 

fundamental gap. This feature, known as Urbach tail,84,85 is typically observed in dis-

ordered materials. For instance, it has been observed that highly-doped GaN exhib-

its similar tailing effects, comparable to those measured in amorphous silicon.86 The 

Urbach tail can be modelled with the expression 

 

Fig. 5.1. Picture that illustrates the origin of the Stokes shift in InGaN. The va-
lence and conduction band edges are plotted along different spatial regions, where 
indium-rich nano/micro clusters participate in the emission process. 
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𝛼(𝐸) = 𝛼0 exp(
𝐸 − 𝐸𝑔

Δ𝐸
) , [5.2] 

where 𝐸𝑔 is the average bandgap energy and Δ𝐸 is known as the Urbach energy.87 

Using this expression, the optical absorption can be used to extract the bandgap of 

the semiconductor.  

With regard to absorption experiments, many works use a sigmoidal function 

to take into account the absorption edge and the plateau of the absorbance spectra, 

to determine the “effective bandgap”:22  

𝛼(𝐸) = 𝛼0

1 + exp (𝐸𝑔−𝐸
ΔE )

, [5.3] 

where 𝛼0 is the absorbance saturation value. Eq. [5.3] has been used to fit the ab-

sorbance spectra from the measurements performed on the InGaN samples studied 

in this work (Table 5.1). An example of fitted spectrum is shown in Fig. 5.2 (dotted 

line) for the particular case of sample A1018. The fitted bandgap value is 2.17 eV 

and the resulting Urbach energy is of the order of 50 meV, much lower than most 

reported values for a similar indium composition (~160 meV). This result may be a 

consequence of the good sample quality of the set of samples available in this work.  

 
Fig. 5.2. Photoluminescence and absorbance spectra acquired at RT of sample 
A1018 (see Table 5.1.). The absorption edge has been determined from a sig-
moidal fit (dotted line). The PL measurements were excited with a 514.5-nm la-
ser line.  
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As it can be seen in Fig. 5.2, sample A1018 exhibits a Stokes shift of 190 

meV. Note that the absorption coefficient reaches ~105 cm−1 above the absorp-

tion edge, which is a typical value for direct semiconductors. The Stokes shift here 

reported is lower than that found by Huang et al.74, i.e. around 300-500 meV in 

samples with similar indium concentration. Again, this may be a consequence of the 

improved crystal quality of the MBE-grown InGaN/GaN/Al2O3 samples investi-

gated in this work. 

The bandgap energies measured by absorption and luminescence (PL or CL) 

techniques for all the InGaN/GaN epilayers available in this thesis are shown in 

Fig. 5.3. As expected, the bandgap energies obtained in all samples from the optical 

emission are sizably lower than those obtained with absorption measurements. We 

would like to remark that the absorption bandgaps obtained in this thesis for 

InGaN (see full circles in Fig. 5.3) are somewhat higher than the largely accepted 

values reported by Wu et al.21(see dashed line in Fig. 5.3), giving rise to a lower bow-

ing parameter. Here a bowing parameter of 𝑏 = 0.9 eV is obtained from the RT ab-

sorption measurements. This value is sizably lower than the 𝑏 = 1.43 eV measured 

at RT by Wu et al. using the same method. It has to be noted that a more linear de-

 

Fig. 5.3. Bandgap energy of InGaN as measured from absorption (full 
circles), photoluminescence (open squares) and cathodoluminescence 
(open rhombus, performed at T = 80 K). The bandgap of GaN and 
InN is also displayed, together with the dependence measured in Ref. 
(a)21. The samples used for the characterization are shown in Table 5.1 
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pendence of the bandgap energy with composition is typically associated with in-

creased homogeneity and crystallinity.  

In order to evaluate the degree of composition inhomogeneity in the 

InGaN/GaN/Al2O3 epilayers studied in this work (Table 5.1), CL mappings from 

all samples were obtained at 80 K. A panchromatic mapping for the case of sample 

A1004 is shown in the upper panel of Fig. 5.4, where the bright spots can be at-

tributed to indium-rich micro-clusters. It has to be noted that only a few of our 

samples exhibited a secondary peak arising from In-rich regions, as is the case of 

sample A1004. However, as can be seen in the bottom panel of Fig. 5.4, the overall 

intensity of the long-wavelength emission is much smaller than that of the main 

band-to-band peak. Thus, in spite of the presence of In-rich domains in some of 

our epilayers, it can be concluded that the degree of lateral inhomogeneity of these 

samples is not very high, even lower than that of InGaN layers investigated in pre-

vious works.  

 

 

Fig. 5.4.  

Cathodoluminescence characterization of 
the sample A1004 at T = 80 K.  
Top: Pancromatic mapping of a selected 
5.0 x 7.5 μm2 region. The region emitting 
at higher intensity is labelled as “In-rich” 
and another typical emission region as 
“Average”.  
Bottom: Spectra corresponding to two 
selected regions of this sample (see upper 
panel). Both spectra emit at 577 nm 
which corresponds to a composition of 
In0.35Ga0.65N (using a bowing parameter 
of b = 1.5 eV), very similar to the nomi-
nal composition of the sample. The most 
intense region has a secondary peak 
around 785 nm. This corresponds to a 
composition of In0.54Ga0.46N, therefore 
this domain is attributed to an indium-
rich cluster. 
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Effects of the electron density on the optical bandgap 

Owing to the fact that the Fermi level of intrinsic In-rich InGaN is below the 

Fermi stabilization energy (~4.9 eV below the vacuum level10), it is expected that 

InGaN exhibits large residual electron concentrations, giving rise to Burstein-Moss 

shifts (see Chapter 3). In fact, some authors found that around 50% of the Stokes 

shift can be attributed to the Burstein-Moss shift for indium-rich samples with high 

electron density (>2·1018 cm−3).88 For samples with similar residual electron concen-

trations, Donmez et al.17 reported a blueshift of the optical bandgap as high as 200 

meV after evaluating the effect of bandgap filling, bandgap renormalization and 

band tailing on the experimental data. As can be seen in Table 5.1, the samples used 

in this thesis exhibit fairly large electron densities (>3·1018 cm−3), which suggests 

that the free-electron concentration might have a bearing in the determination of 

the fundamental bandgap of InGaN and of the bowing parameter.  

Let’s evaluate the effect on the optical bandgap of InGaN of the Burstein-

Moss shift and the bandgap renormalization on the samples studied in this work. 

For electron densities of the order of 𝑁𝑒 ≈ 5·1018 cm−3, as is the case of our epi-

layers, and assuming parabolic bands, the Burstein-Moss shift is given by 

∆𝐸𝐵𝑀 = ℏ2𝑘𝐹
2

2𝜇∗ , [5.4] 

where 𝑘𝐹  is the Fermi wave vector which depends on the electron density; 𝑘F =

(3π2𝑁e)1/3, and 𝜇∗ is the free-carrier reduced mass. Assuming that momentum 

conservation takes place between electrons and holes in an absorption process, 𝜇∗ is 

given by89 

𝜇∗ = 𝑚𝑒
∗𝑚ℎ

∗

𝑚𝑒
∗ + 𝑚ℎ

∗ , [5.5] 

where 𝑚𝑒
∗  and 𝑚ℎ

∗  are the isotropic effective mass of electrons and holes, respective-

ly.89 Note that 𝜇∗ ≈ 𝑚𝑒
∗ in narrow bandgap semiconductors such as InN (𝜇∗ =

0.06𝑚𝑒), with a large difference between valence and conduction effective-mass 

values.90 For the case of GaN, 𝜇∗ = 0.16𝑚𝑒.89 Equation [5.4] is equivalent to Eq. 
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[3.37] in the parabolic limit (see Chapter 3).10 Indeed, as already discussed in Chap-

ter 3 for the case of InN, the effective electron mass around Г can be described with 

𝒌 · 𝒑 theory: 

𝑚𝑒
∗

𝑚0
= (1 + 𝐸𝑃

𝐸𝐺
)

−1
, [5.6] 

where 𝐸𝐺 is the fundamental bandgap and 𝐸𝑃  is the 𝒌 · 𝒑 matrix element. This pa-

rameter can be estimated as 𝐸𝑃 ≈ 8𝜋2ℏ2

𝑚0𝑎2 ≈ 24 eV for a typical value of the lattice 

constant 𝑎 ≈ 5 Å.91,92 For the case of III-V group semiconductors it has been found 

that a universal 𝐸𝑃  = 12 eV value successfully describes the effective mass versus 

bandgap dependency.10 For the particular case of w-InN, a value of 𝐸𝑃  = 11 eV and 

𝐸𝐺 = 0.65 eV allows one to reproduce the experimentally determined 𝑚𝐼𝑛𝑁
∗ =

0.055𝑚0 value.90  

Although the effective mass of InGaN has not been experimentally deter-

mined, it can be approximated by linearly interpolating between both compositional 

end members.93,94,95 Using Eq. [5.6] and taking 𝐸𝑃  = 11.2 eV the effective masses of 

InN and GaN can be obtained: 𝑚𝐼𝑛𝑁
∗ = 0.055𝑚𝑒 and 𝑚𝐺𝑎𝑁

∗ ≈ 0.23𝑚𝑒 (note that 

the latter is very similar to the experimentally reported value, 𝑚𝐺𝑎𝑁
∗ = 0.20𝑚𝑒

65). 

Then, the effective mass of the InGaN alloy system can be estimated by using Eq. 

[3.45], and Eq. [5.4] can then be employed to evaluate the bandgap filling effects. 

 Fig. 5.5.  

Bandgap energy versus composi-
tion of InGaN. The absorption 
measurements of the InGaN sam-
ples listed in Table 5.1 and Table 
3.1 (sample C) are shown as open 
circles. The electron density effects 
(red diagonal crosses) and the strain 
effects (blue vertical crosses) on the 
bandgap are corrected for those 
samples that were measured by Hall 
effect and HRXRD. The bowing 
dependence of the bandgap as re-
ported by Wu et al., Ref. (a),21 is 
shown with a dashed line. 
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With regard to the bandgap renormalization contribution to the optical 

bandgap, Eqs. [3.40] and [3.41] in Chapter 3 can be used (assuming that the static 

dielectric constant of InGaN can be linearly interpolated from the compositional 

end members).50,96  

Taking into account these two effects (bandgap filling and bandgap renor-

malization, and neglecting at the moment strain effects for simplicity), a bandgap 

value can be extracted from the optical measurements on the samples studied in this 

thesis. The electron-density corrected bandgap values for the samples A1010, 

A1018, A1012 and A1053 (Table 5.1) are shown with crosses in Fig. 5.5. These are 

not much larger (from 3 to 26 meV) than the as-obtained values from the absorp-

tion edge at room temperature. Thus, electron density effects are not relevant in our 

samples, and would only be important in the case of much larger carrier concentra-

tions. For instance, an In0.75Ga0.25N sample with  = 5·1019 cm−3 would exhibit an 

optical bandgap 255 meV higher than the fundamental bandgap.  

 

Strain effects on the bandgap 

As pointed out in previous sections, the currently accepted bandgap depend-

ence on composition for InGaN was early reported by Wu et al.21 Nevertheless such 

measurements could have some important sources of errors because strain effects 

were neglected in that work. As it has been shown elsewhere,60,63,97 strain strongly 

affects the bandgap energy, in particular in the case of samples with low indium 

concentration. Recent studies have shown that the bowing parameter is importantly 

affected by the presence or absence of strain in the samples. A very large bowing 

parameter, around 𝑏 = 2.9 eV,98  has been reported after correcting the influence of 

strain on the bandgap for samples with low indium content (𝑥 < 0.25), in agreement 

with results obtained in Yan et al.99 

 As discussed above, the strain state of the InGaN/GaN/Al2O3 samples 

studied in this thesis was obtained from HRXRD reciprocal mappings. It was found 

that the samples with intermediate compositions, 0.25 < 𝑥 < 0.42, exhibit large 

strain values (in the range 1.5 – 2.3 %). Hence, it is clear that strain in these epilayers 
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might strongly affect the experimental optical gaps. Next, we obtain strain-corrected 

bandgap values for our samples. 

Most works dealing with the composition dependence of the bandgap along 

the entire composition range relied on XRD measurements for the determination of 

the alloy composition and neglected the residual strain effects on the bandgap.17,18,21 

For instance, for the case of the samples studied by Wu et al.21,100 the composition 

was determined using Vegard’s law to analyze the XRD measurements. This implies 

that the indium concentration would have been overestimated if the samples exhib-

ited sizable degrees of strain, as is usual in the InGaN alloy. Note that the thickness 

of their samples (around 240 nm) was close to the critical layer thickness101 (CLT) 

and that other works systematically reported important strain values for InGaN thin 

films.32,57,58,102 Thus, the possible large strain in the samples used in that work would 

yield overestimated bandgap energies 

 Next, we review how the bandgap depends on the strain for both the con-

duction and valence bands. In the case of the conduction band, the dependency on 

strain is typically given by 

𝐸𝐶 = 𝐸𝐶(0) + 𝑎1𝜀⊥ + 2𝑎2𝜀∥ , [5.7] 

where 𝑎1 and 𝑎1 are the deformation potentials and 𝐸𝐶(0) is the strain-free funda-

mental conduction band energy. On the other hand, the description of the strain 

dependence of the valence bands is more complex because the light-hole (LH), 

heavy-hole (HH) and crystal-field split-off hole bands (CH) vary their energy level 

with strain independently. The band ordering, and dependence with strain is typical-

ly calculated by solving the Bir-Pikus Hamiltonian,103 based on 𝒌 · 𝒑 theory.104 For 

the case of wurtzite nitrides, under compressive strain conditions, it can be shown 

that the valence band maximum barely depends on compressive strain, and there-

fore the strain dependence of the bandgap is basically given by Eq. [5.7].104–106  

In this thesis, the as-measured bandgap energies of InGaN, as shown with 

circles in Fig. 5.5, are expected to be overestimated due to compressive strain arising 

from the GaN/Al2O3 template. For the case of these samples, the large thickness of 

the epilayers ensures that they are not fully strained but partially relaxed. Indeed, the 
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thickness of these samples (see Table 5.1) is in all cases larger than the CLT, which 

in the case of InGaN is below ≈50 nm for In contents higher than 20%.101 The de-

gree of plastic relaxation ( ) of the InGaN/GaN/Al2O3 epilayers, determined from 

XRD reciprocal space mappings, is shown in Table 5.1.  

Then, the components of the strain tensor that enter Eq. [5.7] can be ob-

tained from the same definition of plastic relaxation (R) 

𝑅(%) = 100 · 𝑎 − 𝑎𝐺𝑎𝑁
𝑎𝐼𝑛𝐺𝑎𝑁 − 𝑎𝐺𝑎𝑁

, [5.8] 

where 𝑎 is the measured lattice parameter of the thin film, and 𝑎𝐼𝑛𝐺𝑎𝑁  is obtained 

by using Vegard’s law 

𝑎𝐼𝑛𝐺𝑎𝑁 = 𝑥 · 𝑎𝐼𝑛𝑁 + (1 − 𝑥) · 𝑎𝐺𝑎𝑁 . [5.9] 

A plastic relaxation of  = 0% (100%) implies that the epilayer is fully strained (fully 

relaxed). Note that the validity of Eq. [5.9] has been confirmed in theoretical calcu-

lations.59,107 Finally, the in-plain strain is given by  

𝜀∥ = 𝑎 − 𝑎𝐼𝑛𝐺𝑎𝑁
𝑎𝐼𝑛𝐺𝑎𝑁

. [5.10] 

For the case of compressive strain in thin films grown along the c-axis of wurtzite, 

stress is only applied in the in-plane axis. From the macroscopic theory of elasticity 

it can be proven that the two strain components are related by 

𝜀⊥ = − 2𝐶13
𝐶33

𝜀∥ , [5.11] 

where the composition dependence of the elastic constants can be assumed to be 

parabolic108 as revealed by Brillouin scattering measurements performed in this the-

sis (see Article 5.3 for details), so that 

𝐶𝑖𝑗(𝑥) = 𝑥𝐶𝑖𝑗
𝐼𝑛𝑁 + (1 − 𝑥)𝐶𝑖𝑗

𝐺𝑎𝑁 − 𝑏𝑖𝑗𝑥(1 − 𝑥) . [5.12] 

Here we use for GaN (InN) C13 =114.0 (107.5) GPa, C33 = 406.8 (258) GPa and b13 

= −4.5 and b33 = −1.  
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In order to obtain strain-corrected bandgap energies, the deformation poten-

tials of InGaN as a function of In content should be known. Owing to the fact that 

the composition dependence of the bandgap of InGaN is not precisely stablished, it 

is obvious that there are not experimental values for the deformation potentials of 

the alloy. Early works dealing with this topic used the deformation potentials of 

GaN in order to correct the measured bandgap energy of Ga-rich InGaN sam-

ples.57,58,109 For intermediate compositions, it is possible to linearly interpolate the 

deformation potentials of the compositional end members.110 Here we rely on the 

deformation potentials of InN and GaN calculated by Yan et al. in order to obtain 

the corresponding values at intermediate In contents.111 These are, for GaN (InN), 

a1= −5.81 (−3.62) eV and a2 = −8.92 (−4.6) eV, which are in good agreement with 

experimental values.65  

The strain-corrected bandgap values thus obtained (using Eq. [5.7]) and the 

results of the optical measurements on our samples, is shown in Fig. 5.5. The cor-

rected energies are around 250 meV lower at low and intermediate In contents. This 

confirms the sizable effect of strain on the optical gaps of the InGaN alloy. As ex-

pected, in the case of indium-rich samples, which are almost completely relaxed (R 

~ 100%), the experimental bandgap is not affected by strain.  

 Fig. 5.6.  

The bandgap energies of 
InGaN are shown as a func-
tion of composition (circles) 
after correcting electronic 
density effects and strain 
effects on the optical 
bandgap. All measurements 
are performed by optical 
absorption The resulting 

bowing parameter is 𝑏 = 
1.45(17) eV (solid line). The 
dashed lines correspond to 
the energy dependence on 
volume as extrapolated from 
the deformation potentials of 
the compositional end-
members.  
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As can be seen in Fig. 5.6, from the strain-corrected bandgap values, we ob-

tain a bowing parameter of 𝑏 = 1.45(17) eV. This value is in very good agreement 

with the recommended value, 𝑏 = 1.43 eV, reported by Wu et al.21, and is only 

slightly lower than the strain-corrected bowing parameter, 𝑏 = 1.65 eV, obtained 

from spectroscopic ellipsometry experiments.102 It is worth mentioning that recent 

LDA-based ab initio calculations, with external corrections to the bandgap problem, 

found a similar bowing parameter, around 𝑏 = 1.6 eV.112 Other calculations based 

on LDA64 and PBE73 functional also found similar bowing parameters, 𝑏 = 1.63 eV 

and 𝑏 = 1.67 eV, respectively.  

On the other hand, it is interesting to analyze the origin of 𝑏 from a funda-

mental perspective. The bandgap of an alloy can be understood to depend separate-

ly on the chemical composition and the volume of the unit cell. The combination of 

size and chemical effects is often referred as the “chemical pressure” as an analogy 

of the hydrostatic pressure.113 This is supported in III-group nitrides by the observa-

tion that the volume dependence of the bandgap in indium-rich InxGa1−xN and 

InxAl1−xN matches on a wide compositional range.10 It has been shown113 that the 

bowing parameter is a consequence of differences in the volume of the unit cell and 

the volume deformation potential, which is defined as  

𝑎𝐺 = 𝑑𝐸𝐺
𝑑𝑙𝑛𝑉

= −𝐵 𝑑𝐸𝐺
𝑑𝑃

. [5.13] 

For the case of InGaN, both conditions are satisfied: the differences in the volume 

of the unit cell between InN and GaN are around ΔV = 25 %,113 and the volume 

deformation potential of GaN (𝑎𝐺
𝐺𝑎𝑁 = −8.1 eV79) is twice as large as that of InN 

(𝑎𝐺
𝐼𝑛𝑁 = −4.0 eV114). 

 From the volume deformation potentials it is possible to express the 

bandgap of the compositional end member as a function of the volume of the unit 

cell of InGaN: 

𝐸𝑉 (𝑉 ) = 𝐸0 + 𝑉 − 𝑉0
𝑉0

𝑎𝐺 , [5.14] 
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where 𝐸0 and 𝑉0 are the bandgap and volume values corresponding to the relaxed 

unit cell, respectively. The projection of the bandgap energy of GaN and InN 

(𝐸𝑉
𝐺𝑎𝑁  and 𝐸𝑉

𝐼𝑛𝑁  respectively) on the volume of the unit cell of InGaN, 𝑉 𝐼𝑛𝐺𝑎𝑁(𝑥), 

is shown in Fig. 5.6 as a function of composition. The dependency of 𝑉 𝐼𝑛𝐺𝑎𝑁  with 

composition has been calculated assuming that 𝑉 𝐼𝑛𝐺𝑎𝑁(𝑥) = 𝑎2(𝑥)𝑐(𝑥)
√

3/2 and 

using Vegard’s law for the lattice parameters. 

The compositional dependence of the InGaN bandgap arising from size ef-

fects can be defined as a weighted average of the volume terms corresponding to 

the compositional end-members113  

𝐸𝐺
𝐼𝑛𝐺𝑎𝑁(𝑥) = 𝑥 · 𝐸𝑉

𝐼𝑛𝑁 + (1 − 𝑥) · 𝐸𝑉
𝐺𝑎𝑁 . [5.15] 

The curve resulting from Eq. [5.15] for InGaN has been plotted in Fig. 5.6 (curved 

dashed line). The resulting bowing parameter is 𝑏 = 1.61 eV, somewhat larger that 

the value that we have obtained on our samples. From this value it can be conclud-

ed that the bowing parameter of InGaN is mainly originated by size effects. 

 

Pressure dependence of the fundamental bandgap 

High-pressure optical measurements on the bandgap of InGaN are highly 

valuable for several reasons. Firstly, they allow one to evaluate the bandgap defor-

mation potentials.115 Secondly, information on the emission mechanism, such as the 

participation of localized impurity states, can be revealed from the emission energies 

and its pressure dependence.76 Finally, high-pressure optical measurements may also 

provide information about chemical and interatomic size effects,10 which is useful to 

deepen on the nature of the bandgap of semiconductor alloys. For the case of 

InGaN, it is expected that the pressure coefficient of the bandgap decreases for in-

creasing indium composition as a consequence of the larger ionicity of InN with 

respect GaN. This due to the fact that higher ionicity entails decreased pressure co-

efficients, as observed in III-V group compounds.116 For instance, III-group nitrides 

with large ionicity such as InN and GaN exhibit much lower bandgap pressure coef-

ficients (32 meV/GPa114 and 38 meV/GPa79, respectively)  than other III-V group 

compounds such as GaAs (117 meV/GPa117).  
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The pressure coefficient of the bandgap of InGaN 

For the case of InGaN it has been found that the dependency of the pressure 

coefficient with composition is sublinear, exhibiting a strong bowing. Moreover, 

calculations have evidenced that the bowing parameter of the pressure coefficient 

largely increases if the arrangement of indium atoms is clustered (at a scale lower 

than 2 nm).113,118,119 Such a parabolic dependence has been attributed to indium in-

duced changes on the topmost of the valence band.113,119 

To confirm the strong bowing in the pressure coefficient of the PL emission 

of InGaN, here we have performed high-pressure PL measurements on the 

InGaN/Si(111) epilayers (see Table 5.2). The PL spectra and the dependency of the 

optical gap with pressure for the case of sample MD8023 are shown in Fig. 5.7. As 

it can be seen by comparing Fig. 5.7 and Fig. 5.2, the PL peak of the InGaN/Si(111) 

epilayers is ~60% broader than that observed in the samples grown by MBE. This 

result is likely a consequence of the fact that the samples grown on Si(111) sub-

strates exhibit larger degrees of compositional inhomogeneities. The pressure coef-

ficient for the optical gap measured in sample MD8023 is 33.7 meV/GPa, which, in 

spite of its poorer optical quality is in agreement with published values.76 This value 

has been plotted versus the indium composition in Fig. 5.8 (open red square). In 

 

Fig. 5.7. Left panel: Photoluminescence spectra acquired at different pressure values for the 
sample MD8023 (see Table 5.2). Right panel: Linear fit of the emission energy as a function of 
pressure. A pressure coefficient of 33.7 meV/GPa has been obtained. The measurements have 
been performed using the 514.5-nm line of an Ar+ laser and a USB2000+ Ocean spectrometer. 
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this figure other experimental (PL and absorption measurements) and theoretical 

values published in the literature are also shown. The here obtained pressure coeffi-

cient is found to be in good agreement with previous measurements and theoretical 

calculations.  

However, as will become evident below (see Article 5.4 in the results sec-

tion), the experimental pressure coefficients of the optical phonons in InGaN 

strongly depend on the substrate material. Thus, it remains to be investigated 

whether the PL pressure coefficients are also affected by substrate effects. In the 

case of sample MD8023, the value here obtained could very well be overestimated, 

and therefore the actual pressure coefficient of the optical emission of this sample   

could be lower, closer to the samples measured in Ref. (d), as would be expected in 

more inhomogeneous material. Thus, there is still work to be done in order to un-

derstand the role of the substrate and of compositional inhomogeneities on the ex-

perimental d /d  values of InGaN. 

As it can be seen in Fig. 5.8, there is a large dispersion of the pressure coeffi-

cient of InGaN in the literature. As a general trend, it can be seen that the pressure 

 

Fig. 5.8. Pressure coefficient of the bandgap of InGaN as a function of composi-
tion. Experimental photoluminescence (open symbols), absorption (full symbols) 
and calculations (dashed and orange lines for an uniform alloy and blue line for a 
clustered alloy) are compared with the here measured dE/dP of InGaN (red 
square) and InN (red rhombus). Refs: (a),76 (b),79 (c),125 (d),118 (e),120 (f),121 (g),123 
(h).121  
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coefficient measured by absorption is higher than the ones measured by lumines-

cence techniques. For the case of PL measurements, three mechanisms may account 

for the decreased pressure coefficient. Firstly, as observed by Suski et al.120 the 

quantum confined Stark effect, responsible for the emission in strained QD’s, is 

almost insensitive to external pressure. Secondly, emission from highly localized 

(presumably donor-like76) states is almost pressure-independent, as observed by Li 

et al.121 Indeed, they also measured a composition-independent emission energy (in 

an absolute energy scale), which allowed them to report deformation potentials for 

the valence and conduction bands. Finally, as observed for InN from low-

temperature PL experiments,122 band filling effects might decrease the pressure co-

efficient of the optical bandgap.123 This latter effect may be expected to occur in 

absorption experiments likewise.  

By comparing calculations and PL measurements, Franssen et al.76,124 con-

cluded that the origin of the PL emission was band-to-band radiative transitions in 

their samples, and that the effect of composition fluctuations might not be signifi-

cant to account for the decreased pressure coefficient measured by PL. In contrast, 

Millot et al.125 reported a large reduction of the dEPL/dP with respect dEabs/dP for 

good quality samples with intermediate In-composition. This was attributed to the 

existence of highly localized defects which could participate in the emission process. 

These authors suggest that this mechanism is important at intermedium indium 

concentration, where the conduction band minimum and the Fermi stabilization 

energy match.  

From the large dispersion in the experimental data and different interpreta-

tions, it can be concluded that the measured pressure coefficient is highly dependent 

on the samples used for the experiments. As suggested by Gorczyca et al.118 the 

large scatter of measured values, which typically fall inside the theoretical predic-

tions for two extreme arrangements of atoms (i.e. uniform and clustered), might 

reflect the degree of indium clustering on samples grown with different conditions.  

Regardless the origin of the differences observed between the absorption and 

PL measurements it seems clear that a large bowing takes place in the pressure coef-

ficient of the fundamental bandgap of InGaN as a function of composition. Such 
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bowing has been calculated by several authors.76,118,119,126 The origin of the parabolic 

dependence of the pressure coefficient of the bandgap can be attributed to the bow-

ing dependence of either; the volume deformation potential, 𝑎𝐺 (see Eq. [5.13]), or 

the bulk modulus, 𝐵 = −d𝑃/d𝑙𝑛𝑉 . It has been shown that the bulk modulus of 

InGaN depends almost linearly with composition.76,118,119,127 Therefore, the de-

creased pressure coefficient of the alloy is most likely due to an unusual bowing of 

the deformation potential. It has been proposed that, similarly to the bowing-like 

dependence of the bandgap, the decreased pressure coefficient may be accounted 

for by a strong modification of the valence band width, which is more pronounced 

for a clustered arrangement of the indium atoms.76,107,118,119  



5. Optical and vibrational properties of InGaN  
5.2. Theoretical framework: Vibrational properties 

174 
 

5.2.2. Vibrational properties  

Optical phonons of the alloy  

The study of the vibrational properties of InGaN by spectroscopic tech-

niques such as Raman scattering is important from both applied and fundamental 

perspectives. Raman scattering is a highly valuable technique to obtain information 

about the strain, the crystal quality and other defect-related phenomena on thin 

films and nanostructures. In the case of InGaN alloys, Raman scattering measure-

ments allow one to determine the In/Ga content of the films from the composi-

tional dependence of the optical phonon frequencies. For such purpose, it is neces-

sary to understand diverse phenomena related to the lattice dynamics of alloy com-

pounds.  

Phonons in alloys 

Pseudobinary mixed crystals of the form AxB1-xC are classified in two clas-

ses, the one-mode (or amalgamation type) and two-mode (or persistent type) clas-

ses.128 The one-mode behavior is characterized by a continuous variation of the 

phonon frequency between those of the composition end-members. For this class, 

the dependence on molar fraction, x, of the optical phonon modes is typically linear 

or quasi-linear. On the other hand, in the two-mode behavior two sets of optical 

modes (each one corresponding to a compositional end-member) coexist in the al-

loy and may persist until the other compositional end-member. The frequency of 

these modes in the opposite composition end member is either that corresponding 

to a local mode (i.e., the frequency of the local vibrational modes, LVM, is that of 

the impurity modes AC:B or BC:A) or a gap mode.46 It is important to note that 

some alloys exhibit a mixed mode behavior in which one mode behavior is observed 

along a particular composition range and a two mode behavior over the remaining 

composition range. 

The two-mode or mixed behavior has been observed in most of the III-V 

ternary alloys, such as InxGa1-xAs,128 InxAl1-xN,129 AlxGa1-xAs,130 InxAl1-xAs,131 

AlxGa1-xP,132 InxAl1-xP,133 InxGa1-xP,134 GaAs1-xPx,135 InAsxSb1-x,136 or GaAsxSb1-x.137 
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In contrast, the one-mode behavior, which is the case of InxGa1-xN, is much less 

common.30,35,46  

In general, two conditions make the two-mode behavior more likely to occur. 

Firstly, the large difference in frequency of the optical phonon modes at Г between 

the composition end members. Secondly, a weak dispersion of the phonon branches 

along the Brillouin zone (BZ). These conditions are satisfied for ternary systems 

with a common heavy-mass ion, such as AlxGa1-xAs or GaAs1-xPx. Note that the 

difference in frequency of the TO mode for GaAs (267 cm−1) in comparison to that 

of AlAs or GaP (362 cm−1 and 364 cm−1 respectively) is as large as ~36%. But this 

is not the case for III-group nitrides where the small reduced mass due to the small 

mass of the nitrogen anion imply a small optical phonon band width and compara-

ble optical phonon frequencies.10,46 For instance, the difference in frequency of the 

A1(TO) mode between InN and GaN is only around ~19%. 

To understand the one-mode behavior of the polar modes of InGaN, it must 

be recalled that Grille et al.46 proposed that one-mode behavior is enhanced in high-

ly ionic compounds as a consequence of a strong electrostatic coupling between the 

AC-like and BC-like sublattices. Note that AlN, GaN and especially InN are 

amongst the most ionic III-V compounds. This is in good agreement with the ex-

Fig. 5.9. The experimental frequencies of the optical modes of InxGa1-xN32 (left panel) and InxGa1-

xAs128 (right panel) are plotted as a function of composition. The one-mode behavior and two-
mode behavior are clear for InGaN and InGaAs, respectively. In the left panel, the straight line for 
the A1(LO) phonon mode represents the linear behavior between InN and InGaN while the para-
bolic line is a fit to the E2h phonon mode. In the right panel, straight lines are interpolated between 
the composition end-members, and the curved lines are calculated within a model proposed by 
Groenen et al.128 
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perimental finding of the one-mode behavior of the polar modes for InxGa1-xN and 

AlxGa1-xN alloys.  

In order to illustrate the two classes, the composition dependency of the op-

tical phonon modes of InxGa1-xN and InxGa1-xAs is shown in Fig. 5.9. The plotted 

frequencies of the A1(LO) and E2h modes have been measured using the 325.0-nm 

line of an He-Cd laser in order to minimize resonance effects on the frequency of 

the A1(LO) mode. The dependency of the A1(LO) mode with excitation energy and 

strain will be described later in this chapter. Also, strain effects have been corrected 

for the A1(LO) and E2h modes. It can be seen that the composition dependency of 

the A1(LO) mode is linear, but the E2h mode exhibits a small bowing (𝑏 = 46 cm−1). 

Such a bowing dependence is not typical for the one-mode behavior, and early 

works interpreted this sublinear dependence to a two-mode dependence of the E2h 

mode.28 Later works showed that there exists only one Raman feature around the 

E2h frequencies along the whole composition range, thus concluding that this mode 

is one-mode type.30,32,138  

On the other hand, the optical modes of InxGa1-xAs films (see Fig. 5.9, right 

panel) have much lower frequencies than those of InxGa1-xN, partly due to the in-

creased mass of the anion. It can be seen that there are two sets of LO and TO 

modes. These modes shift from the pure member frequencies to those correspond-

ing to the LVMs. In the particular case of the GaAs-like modes, the frequency of 

the Ga-As LVM virtually matches the frequency of the InAs LO mode, around 240 

cm−1. The composition dependency of the TO modes corresponding to each sublat-

tice is linear. In contrast, the LO modes exhibit a pronounced bowling-like depend-

ency. This bowing is accounted for by the coupling of the macroscopic electric field 

between the LO vibrations of each sublattice.128 

Insight into the Raman S-band of InGaN 

It has been widely reported that the line shape of the A1(LO) Raman peak of 

InGaN exhibits an asymmetry. This effect is particularly important when the spec-

trum is recorded under non-resonant conditions. This is illustrated in Fig. 5.10 for 

the sample A1035 which is measured in resonant (514.5-nm laser line) and non-

resonant (325.0-nm laser line) conditions. As it can be seen in the figure, the spec-
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trum measured under resonant conditions is dominated by an intense A1(LO) slight-

ly-asymmetric peak. In contrast, when the spectrum is recorded in non-resonant 

conditions, the intensity of the A1(LO) mode is significantly reduced, an band 

shows up in the low-frequency region of the A1(LO) peak (namely “S band”) and 

the non-polar E2h Raman mode is observed. 

It has been proposed that the S band arises from indium-rich regions present 

as a consequence of phase segregation.28 But the fact that this low-frequency feature 

is not observed around the E2h mode indicates that this peak has a different origin. 

Some authors discussed the asymmetry and shift of the A1(LO) Raman peak in light 

of the high electron density naturally present in InGaN epilayers.26 But their results, 

which used alpha-irradiated InGaN samples with different Ne concentrations, were 

not conclusive. It has to be noted that Raman studies on highly doped InGaN sam-

ples (Ne = 7−9·1019 cm−3) of indium concentrations 0.68<x<1 exhibited a L− cou-

pled-mode peak around the A1(TO) mode but any additional feature around the 

A1(LO) peak.139 On the other hand, it has been suggested that this feature arises 

from the disorder activation of the phonon density of states, which has a maximum 

slightly below the A1(LO) frequency.30,43,140 Finally, some authors attributed the S-

band to a B1h silent mode.138 The corresponding phononic branch can be seen in 

Fig. 4.1 along high-symmetry points in the BZ. At the Г point, the B1h mode has a 

frequency ~20 cm−1 lower than that of the A1(LO) mode.46 Such mode has been 

Fig. 5.10.  

Raman spectra of the sample 
A1035 measured with the 325-
nm line of an He-Cd laser and 
the 514.5-nm of an Ar+ laser. 
The E2h, S-band and A1(LO) 
Raman modes are clearly visible 
in the spectrum measured with 
ultraviolet light (scaled x30). The 
spectrum measured with green 
light exhibits a resonant A1(LO) 
mode, a large low-frequency 
shoulder hints the S-band. The 
intensity of the E2h mode is very 
low in comparison the to A1(LO) 
mode. 
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observed in InN141 and AlGaN.142 Kontos et al. showed that the stoichiometric-

activation of the B1 silent mode is also responsible for the observation of optical 

modes in InGaN with forbidden polarization configurations.35 Owing to the reso-

nant nature of the S band, this latter work concluded that the origin of this feature is 

most likely a B1 mode rather than a defect-activated phonon mode corresponding to 

any critical point of the phonon density of states.  

 

Effect of strain on the optical phonon modes 

Strain in epilayers 

In order to achieve high-quality material with epitaxial growth, substrates 

with comparable lattice parameters (and thermal expansion coefficients) are usually 

employed. A schematic picture of an epitaxial thin film grown on a different sub-

strate is shown in Fig. 5.11. It can be seen that the strained in-plane lattice parame-

ter of the epilayer matches that of the substrate. The resulting strain, which influ-

ences the optoelectronic properties, must be taken into account in order to under-

stand the performance of double heterostructure or QW-based devices. For the case 

of thin films grow pseudomorphically on the substrate, strain relaxation by extended 

defects takes place after a certain thickness. This is because the formation energy of 

defects becomes lower than the accumulated elastic energy. Thus, at a certain critical 

thickness (this is, the critical layer thickness, CLT), dislocations, V-type defects and 

three dimensional growth takes place, partly relieving the in-plane strain.143–145 This 

kind of defects propagate along the growth direction. Ultimately these defects act as 

nonradiative recombination centers, decreasing the performance of optoelectronic 

devices.146  

Owing to the fact that InxGa1−xN is usually grown on GaN/sapphire tem-

plates and even on GaN substrates, many works have been devoted to the determi-

nation of the CLT(x) for the InGaN/GaN system. Actually there exist a large varie-

ty of models for the calculation of this parameter for semiconductors and al-

loys.143,147–149 Some of these models have been adapted for the particular case of 

InGaN/GaN and other hexagonal compounds.144,145,150,151 Owing to the fact that 

there is a large difference in lattice parameter and thermal expansion coefficient be-
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tween InN and GaN, (around 11% and 32%, respectively) the calculations have 

been focused on InGaN with small indium content (𝑥 < 0.3).152 The large lattice 

mismatch implies that the CLT(𝑥) is rapidly reduced with increasing In concentra-

tion. For instance, indium concentrations higher than 40% correspond to a CLT ~ 

1 nm.43,144  

Experimentally, typical values of the CLT(x) for InGaN/GaN are around 

CLT ~ 100 nm for 6% indium content, and is decreased to dcrit ~ 50 nm for 20% 

indium content.101,145,150,153 The experimental determination of the CLT is typically 

carried out by means of structural,154,155 optical101,156 or vibrational techniques such 

as Raman scattering.39 Also, morphological changes can be observed in the surface 

of the InGaN thin films by means of SEM.43,101,148 Samples grown above the CLT 

exhibit a rough surface as a consequence of three dimensional growth. This obser-

vation confirms the results of recent calculations in which 3D growth is the most 

important mechanism in releasing strain for InGaN samples with indium concentra-

tions lower than x < 27%. However, the misfit dislocation mechanism becomes 

important for higher indium concentration values.43,144  

The phonon deformation potentials 

Raman scattering is particularly useful to measure strain in bulk and 

nanostructured materials.157 In order to evaluate the strain state of the epilayers 

from the measured Raman shift of the optical modes, the knowledge of the so-

called phonon deformation potentials is necessary. For the case of the wurtzite 

 
Fig. 5.11. A simple representation of the accommodation of an epilayer on a substrate with a 
lower lattice parameter is shown.  After a critical thickness value, CLT, dislocations appear and 
the strain is relaxed. 
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structure, the relation of the strain-induced Raman shift of the ith phonon mode, 

Δ𝜔𝑖, with the strain, 𝝐, or stress, 𝝈 tensors, is given by the derivation of the linear 

deformation potential theory,158,159  

Δ𝜔𝑖 = 2𝑎𝑖𝜖𝑥𝑥 + 𝑏𝑖𝜖𝑧𝑧 = 2𝑎�̃�𝜎𝑥𝑥 + �̃�𝑖𝜎𝑧𝑧 , [5.16] 

𝑎𝑖 = 𝑎�̃�(𝐶11 + 𝐶12) + �̃�𝑖𝐶13 , 𝑏𝑖 = 2𝑎�̃�𝐶13 + �̃�𝑖𝐶33 . [5.17] 

where  and  are the phonon deformation potentials, PDPs, of each optical 

mode. It has to be noted that Eq. [5.16] is only valid for the different Raman modes 

with symmetries A1, E1 and E2 provided that 𝜖𝑥𝑥 = 𝜖𝑦𝑦 and 𝜖𝑥𝑦 = 0, which holds for 

uniaxial, biaxial and hydrostatic measurements. For the case of GaN and InN, the 

PDPs have been previously determined using samples grown on different sub-

strates, conditions and thickness.157,160–168 But 𝑎𝑖 and 𝑏𝑖 can also be obtained with 

other techniques such as biaxial stress modulation,169,170 uniaxial pressure measure-

ments,159 or first principles calculations.171,172  

The relation between the strain/stress components can be derived from elas-

tic theory. The generalized Hook’s law is, 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜖𝑘𝑙 . [5.18] 

As a consequence of the symmetry of the Cauchy stress tensor (𝜎𝑖𝑗 = 𝜎𝑗𝑖), the stiff-

ness tensor is symmetric, and there are at most six different elements of the stress 

and strain tensors. Therefore the fourth order tensor 𝐶𝑖𝑗𝑘𝑙 can be written in a sim-

plified manner as a second order tensor (matrix) 𝐶𝛼𝛽. The relation of the compo-

nents of both tensors is given by the Voight notation, which is shown in Table 5.4. 

The hexagonal C6v structure is transversally isotropic (along the plane per-

pendicular to the c-axis), and the stiffness tensor has only five independent ele-

ij, kl 11 22 33 23, 32 13, 31 12, 21 

α, β 1 2 3 4 5 6 

Table 5.4. Voight notation that relates the components of the 
fourth order stiffness tensor to a second order simplified tensor. 
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ments: C11, C12, C13, C33 and C44. For this crystal structure and using the new nota-

tion, Eq. [5.18] is expressed as 

⎝
⎜⎜
⎜⎜
⎜⎜
⎛

𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6⎠

⎟⎟
⎟⎟
⎟⎟
⎞

=

⎝
⎜⎜
⎜⎜
⎜⎜
⎜⎜
⎜⎛

𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶11 𝐶13 0 0 0
𝐶13 𝐶13 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0
0 0 0 0 0 𝐶66⎠

⎟⎟
⎟⎟
⎟⎟
⎟⎟
⎟⎞

⎝
⎜⎜
⎜⎜
⎜⎜
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𝜖6⎠

⎟⎟
⎟⎟
⎟⎟
⎞

 , [5.19] 

where 𝐶66 = 1
2 (𝐶11 − 𝐶12). 

 For the case of a biaxially strained epilayer on a substrate,  0 for i = 

3,4,5,6, and 𝜎1 = 𝜎2, 𝜖1 = 𝜖2. From Eq. [5.19], we obtain the relation 

𝜖3 = −2𝐶13
𝐶33

𝜖1 . [5.20] 

For the case of uniaxial strain, 𝜎1 = 𝜎2 = 0 and 

𝜖3 = − 𝐶11 + 𝐶12
𝐶13

𝜖1 = 𝜖1
𝜈

, [5.21] 

where  is the Poisson’s ratio. For the case of hydrostatic pressure, 𝜎1 = 𝜎2 = 𝜎3 = 

−P and 

𝜖3 = 2𝐶13 − 𝐶11 − 𝐶12
𝐶13 − 𝐶33

𝜖1 . [5.22] 

For the latter case, some works simply use the expression 𝜖3/𝜖1 = −2𝜈/(1 −

𝜈).163,168,173 While this relation works fairly well for the case of GaN,172 this is only 

valid for cubic systems and will not be considered in this thesis. 

From the previous expressions it can be seen that it is not possible to obtain 

 and  separately using any of this three experiments alone (i.e. applying biaxial 

strain, uniaxial strain or hydrostatic pressure). Thus, at least two sets of measure-

ments should be performed for such purpose. In order to calculate the PDPs, most 

works dealing with uniaxial or biaxial experiments stem on the hydrostatic pressure 

coefficients of the optical modes measured in the literature.159,167–170  
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Effect of excitation wavelength on the A1(LO) frequency  

It is well known that the frequency of the A1(LO) phonon mode in InGaN is 

highly dependent on the excitation wavelength. This fact has been discussed in 

terms of in-depth composition or strain gradients,30,35,39,40,174 selective resonance 

excitation,36,37,45,174 or disorder-induced breakdown of the wave vector conserva-

tion.20,26 Considering the later effect, it has to be noted that decreased phonon fre-

quencies should be observed as a consequence of the participation of phonons with 

large wave vector. This has not been observed in many works,30,32,35,37,45 which re-

ported an increase of the A1(LO) frequency with increasing excitation energy 

(hence, wave vector). Thus, it can be ruled out that the participation of phonons 

with large wave vectors is the most important mechanism for the dependence of the 

A1(LO) mode with excitation energy. This effect will not be considered in this the-

sis. 

In order to clarify the origin of the dependence of the A1(LO) frequency on 

the excitation wavelength, it is important to study a large set of samples with differ-

ent composition values and degrees of composition inhomogeneity. Also, the meas-

ure of the non-resonant modes such as the non-polar E2h mode is highly informa-

tive. Nevertheless, the strong signal arising from the resonant A1(LO) mode and 

background luminescence, make it difficult to measure the E2h mode near resonant 

conditions. On the other hand, measuring the A1(LO) mode well away from the 

resonant condition is difficult because the S band exhibits a similar intensity around 

the same frequency,138 such is the case for the Sample A1182 (see Fig. 5.10). In this 

section, the impact of in-depth gradients of composition and strain will be dis-

cussed, and a model for the resonant selective excitation will be proposed. The va-

lidity of this model will be contrasted with experimental results reported in the liter-

ature and a wide range of experimental data from the samples of Table 5.1 and 5.2 

measured under different excitation conditions. 

The resonant profile of the A1(LO) mode  

Resonance Raman-scattering (RRS) takes place when the exciting energy co-

incides with the interband electronic transitions of the material, thus yielding an 
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increased Raman signal. For the case of polar semiconductors, the LO-phonons 

exhibit a strong enhancement of light scattering when the excitation energy is close 

to the bandgap due to the electron-phonon Fröhlich interaction mechanism. RRS 

has been widely employed for group III-V alloys,36 and is particularly useful for the 

study of small dimensionality structures. For instance, RRS has been used to study 

the effect of strain and composition on the phonon frequencies of MQWs45 as well 

as the effects of piezoelectric fields in QWs.44 For the case of thin films, the RRS 

has been used to evaluate phase separation in wurtzite38 and cubic InGaN.175 Also, 

RRS allows to observe multiphoton processes, which have been studied up to the 

5th-LO-mode for the sample A1053.176 The determination of the bandgap of 

InGaN by means of RRS has been demonstrated for thin films20 and heterostruc-

tures.37 In this thesis the resonant profile of InGaN is evaluated in order to provide 

a possible explanation for the dependence of the A1(LO) frequency on excitation 

energy. 

Owing to the fact that the A1(LO) Raman peak is very intense even for exci-

tation energies away from the bandgap energy (around Δ𝐸 ~ 250 meV), it has been 

 
Fig. 5.12. Integrated intensity of the A1(LO) mode of InGaN as a function of 
composition. The excitation source was the 514.5-nm line of an Ar+ laser. For 
this excitation energy, the resonant condition corresponds to an indium compo-

sition of [𝑥] = 26%. The red line is a fitted Lorentzian that represents the reso-
nance profile of the Fröhlich interaction, as used in this thesis.32  
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suggested that the phonon scattering resonance profile of this mode is broad and 

strong.26,30 This is illustrated in Fig. 5.12 for the samples of Table 5.1 measured with 

the 514.5-nm line of an Ar+ laser. In this figure it can be seen that the intensity of 

the A1(LO) mode increases up to five orders of magnitude as the bandgap of the 

alloy approaches the energy of the laser, in good agreement with previously pub-

lished results.20,26,35–37,45  

The cross section for different resonant mechanisms can be approximated 

as177  

𝑑𝜎
𝑑Ω

(𝑥)~ 1
[𝐸𝑒𝑥𝑐 − 𝐸𝑔(𝑥)]2 + 𝛤𝑔

2 , [5.23] 

which simply takes into account the fact that the resonant condition takes place 

when 𝐸𝑒𝑥𝑐 ≈ 𝐸𝑔(𝑥). It has to be noted that Eq. [5.23] is a mere approximation to 

describe the broad resonant profile of InGaN. Using a broadening parameter of 𝛤𝑔 

= 0.1 eV, the bandgap dependency of InGaN described in Eq. [5.1] (bowing param-

eter 𝑏 = 1.5 eV) and using an excitation energy 𝐸𝑒𝑥𝑐 = 2.41 eV, the experimental 

results shown in Fig. 5.12 are satisfactorily reproduced. Note that this simple ap-

proach does not take into account many contributions to the cross section scatter-

ing such as the scattering volume. For this reason the model fails to fit the intensity 

of the phonon mode well away from the resonant profile (around 𝑥 = 0.7 in Fig. 

5.12.).  

A model for the selective resonance excitation 

In order to explain the excitation-energy dependency of the frequency of the 

A1(LO) mode, namely 𝜔𝐴1, the selective resonance excitation mechanism has been 

proposed in several previous works.30,35,37,45 This is, for a given excitation energy, 

the compositional regions satisfying the resonant condition contribute more signifi-

cantly to the A1(LO) peak intensity.  

The line shape of the A1(LO) peak in inhomogeneous InGaN layers for a 

given excitation energy can be calculated by integrating the intensities arising from 

regions with different indium content, weighted by the resonant profile. Assuming 
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for simplicity that the composition inhomogeneity follows a Gaussian distribution, 

the line shape of the A1(LO) Raman peaks can be calculated as 

I(𝜔, 𝑥)~ ∫ 𝑒−(𝑥′−𝑥)
2

2𝜎2
1

[𝜔 − 𝜔(𝑥′)]2 + (Γ𝑝
2 )

2
1

(𝐸𝑒𝑥𝑐 − 𝐸𝑔(𝑥′))
2

+ 𝛤𝑔
2
𝑑𝑥′ , [5.24] 

where 𝑥 is the mean indium composition of the sample, and 𝜎 is the standard devia-

tion which takes into account the degree of composition inhomogeneity (a typical 

value of 𝜎 is between 5% and 10%). The line shape of the phonon for a given com-

position 𝑥’ is expressed as a Lorentzian function with a typical phononic damping 

value of 𝛤𝑝 = 5 cm−1. For the calculations, the frequency of the A1(LO) mode at 

composition 𝑥′ is linearly interpolated using the values of InN and GaN. With re-

gard to the resonant term, the parameters used to calculate the curve of Fig. 5.12 

have been used.  

 Then, from the maximum of the line shape calculated by using Eq. [5.24] it is 

possible to plot 𝜔𝐴1 as a function of composition for a given excitation energy. This 

is shown in Fig. 5.13 for four excitation energies (laser lines in the resonant 633-nm, 

514.5-nm and 488.0-nm and away from resonance 325-nm regimes). It can be seen 

that the dependency of 𝜔𝐴1 on the excitation energy is complex due to the effect of 

the compositional inhomogeneity, and strongly depends on the composition of the 

sample. It is interesting to note that, for a given excitation energy, 𝜔𝐴1 is almost 

composition independent near the corresponding resonant composition. For in-

stance, for the 514.5-nm line this is [x] = 26 % and for the 633.0-nm line [x] = 40 

%. This flat dependence of 𝜔𝐴1 with composition partly agrees with previous works 

that assumed that, under excitation conditions, the intensity of the A1(LO) mode 

corresponds to InGaN regions with indium concentration strictly satisfying the res-

onant condition.30,37,40,45 This is equivalent to substitute the resonant term in Eq. 

[5.24] by a delta function, 𝛿(𝐸𝑒𝑥𝑐 − 𝐸𝑔(𝑥′)). Nevertheless, such assumption overes-

timates the shift of the  between two excitation energies. 

 The here measured 𝜔𝐴1 for the samples of Table 5.1 (MBE-grown) and Ta-

ble 5.2 (MOCVD-grown) under different excitation energies are plotted in Fig. 5.13. 

Despite the simplicity of the model here described, it qualitatively describes the 
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ordering of the A1(LO) frequencies with excitation energy. For instance, as it can be 

seen in Fig. 5.13, the 𝜔𝐴1 value measured with the 514.5-nm line is larger than that 

measured with the 488.0-nm line for samples with less than ~40%.  This trend is 

inverted for samples with indium composition higher than ~40%.  Similarly,  

exhibits larger values when measured under the 514.5-nm excitation energy with 

respect the 325-nm line for indium content higher than 28 %, but displays similar 

values for samples with indium content around 28% (this is a composition close to 

the resonant condition of the 514.5-nm line, around 26%) and even lower values 

when the composition is <28%. The calculations based on Eq. [5.24] are in agree-

ment with these trends. 

The above model does not aim to account precisely for the dependence of 

the A1(LO) frequency with excitation energy. Despite all the simplifications, the 

calculations plotted in Fig. 5.13 qualitatively agree with the Raman results published 

in the literature for this mode as a function of excitation energy. To give some ex-

amples, the frequency of the A1(LO) mode measured with blue (λ ~ 488 nm) light is 

higher than that measured with green laser light (λ ~ 514.5 nm) for indium compo-

sition around 18% − 40%.20,30,35,40,45,174 Also, the frequency of the A1(LO) mode is 

 
Fig. 5.13. The frequencies of the A1(LO) mode measured under different excita-
tion laser lines for two set of samples are plot versus the sample composition 
(open symbols). Theoretical calculations are shown as solid lines. The theoretical 
model qualitatively describes the ordering of the A1(LO) frequency with excitation 
energy. 
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substantially lower when measured with red excitation light (λ ~ 633 nm) in com-

parison to blue or green light (λ ~ 488 nm to 514.5 nm) in the composition range 

24% − 48%.20,35 Finally, the A1(LO) phonon mode exhibits larger frequency when 

the green excitation light is used in comparison to the UV for alloy compositions 

larger than 26%,32 and lower frequencies when the composition is lower than 26%.45  

In order to verify the ability of Eq. [5.24] to reproduce the behavior of the 

A1(LO) mode with excitation wavelength due to compositional inhomogeneities, we 

have performed additional measurements under resonant (514.5-nm laser line) and 

away from resonance (325-nm laser line) conditions for the InGaN/Si(111) samples 

grown by MOCVD (Table 5.2). These samples are expected to be more inhomoge-

neous than the MBE-grown samples (Table 5.1), and therefore we expect to observe 

larger shits in these samples. Two Raman spectra are shown in the inset of Fig. 5.14 

for the sample MD7195 with x = 0.43. It can be seen that for this sample the 

A1(LO) frequency as measured under resonant conditions is much larger than that 

measured with ultraviolet excitation light. The difference between both peaks, 

∆𝜔𝐴1, has been plotted in Fig. 5.14 for all the MOCVD-grown samples. Also, the 

 
Fig. 5.14. The difference of the A1(LO) frequency between the 514.5-nm and 325-nm laser 
lines is shown as a function of composition. The experimental results for the samples of Table 
5.2 are shown in open squares. The theoretical dependence as calculated from the model here 
proposed is shown in solid lines for different degrees of compositional inhomogeneity. Inset: 
Two spectra measured with the 514.5-nm and 325-nm laser lines for the sample MD7195. 
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figure shows ∆𝜔𝐴1 values calculated from Eq. [5.24] for the same excitation wave-

lengths, considering different degrees of inhomogeneity. It can be seen that the 

model reproduces fairly well the trends shown by the Raman measurements. Note 

that the frequency of the A1(LO) mode measured with the green excitation line is 

larger than that measured with ultraviolet light for the out-going resonant regime 

(compositions higher than 26%) and the trend reverses for compositions in the in-

coming resonance regime (compositions lower than 26%). 

 

Vibrational properties under high pressure 

Optical modes of wurtzite InGaN under high pressure 

As already discussed above, the pressure coefficients of the optical modes 

(and the mode Grüneisen parameter, see Eq. [4.23]) are related to the phonon de-

formation potentials (PDPs). Owing to the fact that the 𝑎𝑖(𝑥) and 𝑏𝑖(𝑥) PDPs of 

InGaN (defined in Eq. [5.16]) have not been measured so far, some works linearly 

interpolate 𝑎𝑖 and 𝑏𝑖 from the compositional end members or use those of the clos-

est end member in terms of indium composition.32,35  

Strain in the InGaN epilayers arising from the substrate might affect the ex-

perimental pressure coefficients due to the different bulk modulus between the sub-

strate and the epilayer. In order to illustrate this, Eq. [5.16] can be derived with re-

spect the pressure so that the pressure coefficient for the optical modes in strained 

samples is 

𝜔𝐿𝑂
′ = 𝑑𝜔𝐿𝑂

𝑑𝑃
= 2𝑎𝑖

𝑑𝜖𝑥𝑥
𝑑𝑃

+ 𝑏𝑖
𝑑𝜖𝑧𝑧
𝑑𝑃

. [5.25] 

The variation of the in-plane lattice parameter of the substrate with pressure is relat-

ed to the bulk modulus by 

𝑑𝑎
𝑑𝑃

≈ − 𝑎0
3𝐵

, [5.26] 

which has been derived under the assumption that the ratio of the lattice parame-

ters, 𝑐/𝑎, does not vary with pressure. Hence, owing to the fact that the bulk modu-
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lus of Si(111) (GaN) is lower (larger) than that of InGaN, the epilayers studied in 

this thesis (Tables 5.1 and 5.2) may be expected to exhibit experimental pressure 

coefficients that are sizably different to those of unstrained material. 

 The pressure coefficients of the A1(LO) mode for samples grown on Si(111) 

and GaN substrates with indium compositions 0.19 < 𝑥 < 0.45 are determined in 

the results section of this chapter (see Article 5.3). For completeness, an indium-rich 

InGaN/GaN/sapphire sample (A1182, 𝑥 = 0.75, see Table 5.1 for more details) has 

been additionally measured by high-pressure Raman scattering. The Raman spectra 

acquired at different pressures for this sample is shown in the panel A of Fig. 5.15. 

It can be seen that the A1(LO) mode is not resonant, as expected for an indium 

rich-sample measured with the 514.5-nm laser line. This allowed measuring simulta-

neously the A1(LO) and E2h phonon modes. The pressure coefficients have been 

obtained from a linear fitting (see Fig. 5.15-B), these are 𝜔𝐿𝑂
′  = 5.2 cm−1GPa−1 and 

𝜔𝐸2ℎ
′ = 5.6 cm−1GPa−1. The here obtained pressure coefficient of the A1(LO) mode 

is somewhat lower than the 𝜔𝐿𝑂
′  = 4.9 cm−1GPa−1 expected from the linear interpo-

lation between the values of InN and GaN. As discussed, the reduced pressure co-

efficient of this sample can be attributed to the effect of the low-compressibility 

GaN/Al2O3 substrate.  

 
Fig. 5.15. Panel A, Raman spectra of the sample A1182 at different pressures, the E2h and 
A1(LO) features can be seen. Panel B, pressure-dependence of the frequency of the E2h and 
A1(LO) modes and linear fit. These measurements have been performed using a HR460 spec-
trometer with a single grating and a thermoelectrically cooled CCD. For the excitation source 
the 514.5-nm line of an Ar+ laser have been used. The sample has been loaded in a DAC using 
Neon acting as a pressure-transmitting medium.  
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Acoustic phonon modes  

Brillouin scattering in solids 

Light can scatter inelastically with acoustic waves by two distinct mecha-

nisms. The ripple mechanism takes place for surface acoustic waves, and is im-

portant for opaque materials. The wave vector is only conserved in the direction 

parallel to the surface; the wave vector component perpendicular to the surface is 

complex as a consequence of the complex permittivity in an opaque solid. On the 

other hand, the elasto-optic mechanism takes place in the bulk and is dominant for 

transparent materials. For the study of InGaN it is important to consider both 

mechanisms because InGaN is transparent (opaque) to visible light for low (large) 

indium concentrations. So far, the elastic constants of InGaN have been evaluated 

under transparent178 and opaque Brillouin-scattering conditions (Article 5.3.). 

From a classical description of the ripple mechanism, the incident light is re-

flected from the dynamically corrugated surface as a consequence of the presence of 

surface-acoustic waves. This effect can be regarded as the diffraction of incoming 

light by a moving grating, where the Doppler effect accounts for the redshift of the 

scattered light.179 In general, a surface or interface acting as a mechanical boundary 

results in different acoustic excitations (Rayleigh, Lamb, Sezawa, Love modes), typi-

cally localized within a wavelength from the surface.177 It can be shown180 that the 

scattering cross section is proportional to 

𝑑2𝜎
𝑑Ω𝑠𝑑𝜔

~ 𝐷
𝜔

Im G̃33(𝒌∥, 𝜔 + 𝑖0) , [5.27] 

where G̃33(𝒌∥, 𝜔 + 𝑖0) is the component of the Fourier domain surface elastody-

namic Green’s function tensor pertaining to force and response normal to the sur-

face, and 𝐷 is a factor that depends on the scattering geometry, incident photon 

frequency, temperature, density and the optical properties of the medium.181 

On the other hand, the light scattered by the elasto-optical mechanism can 

be described as the diffraction of the incident light by local fluctuations of the die-

lectric constant caused by the dynamic fluctuations of the strain field (thermal 

acoustic waves). All the components of the wave vectors are real and conserved. In 
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this case, the Brillouin shift can be easily described similarly to the Bragg law. As-

suming that the incident and scattered light form an angle; 𝜃, the wavelength of the 

acoustic wave, 𝛾, must satisfy, 

2𝑛𝛾 sin 𝜃
2

= 𝜆 , [5.28] 

where 𝜆 is the wavelength of the light and 𝑛 the refractive index of the medium. 

The frequency undergoes a Doppler shift, Δ𝜔 = 𝜐𝑞, where the scattering wave vec-

tor is 𝑞 = 2𝜋
𝛾  and 𝜐 is the phase velocity of the wave. Taking the photon wave vector, 

𝑘 = 2𝜋
𝜆 , it follows that 

𝜐 = Δ𝜔
2𝑛𝑘 sin 𝜃

2
. [5.29] 

This equation can be likewise derived from a quantum mechanical approach con-

sidering the creation/anhihilation of an acoustic phonon imposing the conservation 

of energy and wave vector. 

Solving the elastodynamic wave equation for a transparentent solid 

The dynamics of acoustic waves travelling in a solid in a general direction 

(defined by the Cartesian components, 𝑥𝑖) can be analyzed by defining the dis-

placement field, 𝑢𝑖(𝑥𝑗, 𝑡), that satisfy the elastodynamic wave equation 

𝜌 𝜕2𝑢𝑖
𝜕𝑡2

= 𝐶𝑖𝑗𝑘𝑙
𝜕2𝑢𝑙

𝜕𝑥𝑗𝜕𝑥𝑘
, [5.30] 

where 𝐶𝑖𝑗𝑘𝑙 is the stiffness tensor for a general solid and 𝜌 is the density. Taking a 

plane wave 

𝑢𝑖(𝑥𝑗, 𝑡) = 𝑈𝑖𝑒𝑥𝑝[𝑖𝑞(𝑙𝑗𝑥𝑗 − 𝑣𝑡)] , [5.31] 

where 𝑈𝑖 is the amplitude of motion along the 𝑥𝑖 direction (i.e. the direction of dis-

placement). The propagation direction of the wave is defined by the 𝑙𝑗 cosines, with 

a phase velocity, 𝑣. Solving Eq. [5.30] yields 
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(𝐶𝑖𝑗𝑘𝑙𝑙𝑗𝑙𝑙 − 𝜌𝑣2𝛿𝑖𝑘)𝑈𝑘 = 0 , [5.32] 

which is known as the Christoffel equation and is an eigenvalue problem with the po-

larization 𝑈𝑘 as eigenvector of the 𝐶𝑖𝑗𝑘𝑙𝑙𝑗𝑙𝑙 tensor and the eigenvalue 𝜌𝑣2. Introduc-

ing the second rang tensor 

Γ𝑖𝑘 = 𝐶𝑖𝑗𝑘𝑙𝑙𝑗𝑙𝑙 , [5.33] 

Eq. [5.32] has non-trivial solutions when  

|Γ𝑖𝑘 − 𝜌𝑣2𝛿𝑖𝑘| = 0 . [5.34] 

For a given propagation direction the roots of Eq. [5.34] are a cubic solution 

in 𝑣2, this is, two quasi-transversal and two quasi longitudinal bulk waves. These 

solutions are purely transversal or longitudinal for pure high-symmetry directions, 

where the polarization vector is respectively perpendicular or parallel to the propa-

gation direction.  

 For the case of the wurtzite structure, the velocities of the different longitu-

dinal and transversal modes can be obtained by solving Eq. [5.34] (the tensor Γ𝑖𝑘 is 

obtained from the stiffness tensor of the wurtzite structure, Eq. [5.19] and the 

Voight notation, Table 5.4.). Considering a propagation direction forming an angle 𝜃 

with the c-axis of the crystal, 𝑙𝑗 = (sin 𝜃 , 0, cos 𝜃), the sound velocities of the quasi-

longitudinal and quasi-transversal mode (positive and negative sign, respectively) are 

2𝜌𝑣2 = (𝐶11sin2𝜃 + 𝐶33cos2𝜃 + 𝐶44)
± √[(𝐶11 − 𝐶44)sin2𝜃 − (𝐶33 − 𝐶44)cos2𝜃]2 + (𝐶13 + 𝐶44)2sin2𝜃cos2𝜃 , [5.35] 

and the transversal mode, 

𝜌𝑣2 = 𝐶66sin2𝜃 + 𝐶44cos2𝜃 . [5.36] 

Note that for 𝜃 equal to 0 and π/2, the modes of Eq. [5.35] are strictly longitudinal 

and transversal.  
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Calculating the velocity of SAW for opaque InGaN/GaN thin films 

In order to calculate the scattering cross section of the surface acoustic waves 

(SAW) of InGaN/GaN (see Eq. [5.27]), a fast guide to calculate G̃33 for an opaque 

thin film on a fast substrate is presented. The method here used follows closely the 

approaches published elsewhere.179,182 

Similarly to the transparent case in the previous section, the velocity of a 

SAW for an opaque layer must satisfy the Christoffel equation. In this case, the in-

plane wave vector components are real and are given by the cosines of the scattering 

geometry. However, the perpendicular component, 𝑘3, is complex and must be de-

termined solving Eq. [5.34] for a given velocity. There are six solutions of 𝑘3 for the 

bulk and the thin film which are either outgoing waves (real solutions) or evanescent 

waves (𝐼𝑚{𝑘3
(𝑛)} > 0). Hence, only three solutions have physical meaning for the 

bulk, 𝑛 = 7, 8, 9. The solutions of the elastodynamic wave equation that satisfy the 

boundary conditions (these are the continuity of the in-plane stress field and dis-

placement field at the interface) take the form 

𝑢𝑖
±(𝑑, 𝜔) = ∑𝐴3

(𝑛)𝑈𝑖
(𝑛) exp{𝑖𝑘3

(𝑛)𝑑}
9

𝑛=1
, [5.37] 

where the negative subscript of 𝑢𝑖
± is referred to the thin film (solutions 𝑛 = 1, …, 

6) and the positive subscript to the bulk (solutions, 𝑛 = 7, 8, 9). The thickness of the 

thin film is expressed as 𝑑.  

 The displacement Green function for the free surface of the layer is 

G̃33(𝒌∥, 𝜔) = ∑ 𝑖
𝜔

(𝐵−1)3
(𝑛)𝑈3

(𝑛) exp{−𝑖𝑘3
(𝑛)𝑑}

6

𝑛=1
, [5.38] 

where the polarization eigenvectors, 𝑈3
(𝑛), are obtained by solving the Christoffel 

equation, and the matrix 𝐵𝑙
(𝑛) is, for the case 𝑛 = 1, … , 6 and 𝑙 = 1, 2, 3 

𝐵𝑙
(𝑛) = ∑𝐶3𝑙𝑝𝑞

−

𝑝𝑞
𝑈𝑝

(𝑛)𝑘𝑞
(𝑛) exp{−𝑖𝑘3

(𝑛)𝑑} /𝜔 . [5.39] 

For 𝑛 = 7, 8, 9 and 𝑙 = 4, 5, 6 
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𝐵𝑙
(𝑛) = ∑𝐶3(𝑙−3)𝑝𝑞

+

𝑝𝑞
𝑈𝑝

(𝑛)𝑘𝑞
(𝑛)/𝜔 . [5.40] 

For 𝑛 = 1, …, 6 and 𝑙 = 4, 5, 6 

𝐵𝑙
(𝑛) = − ∑𝐶3(𝑙−3)𝑝𝑞

−

𝑝𝑞
𝑈𝑝

(𝑛)𝑘𝑞
(𝑛)/𝜔 . [5.41] 

Finally, for 𝑛 = 1, …, 9 and 𝑙 = 7, 8, 9 

𝐵𝑙
(𝑛) = ±𝑈𝑙−6

(𝑛) , [5.42] 

with positive sign for 𝑛 = 7, 8, 9, and negative sign for 𝑛 = 1, …, 6. 

 This model has been used to calculate the cross section of the SAW modes 

for different InGaN epilayers grown on GaN (see Article 5.3.), which allows to find 

a good set of elastic constants for InGaN. Illustratively, the velocity dispersion of 

the different modes is shown in Fig. 5.16 for an In0.75Ga0.25N thin film on a GaN 

substrate. For the calculations, the density of the alloy has been calculated assuming 

the Vegard law of the lattice parameters and a bowing-like dependence for the elas-

tic constants (the elastic constants have been taken from Table 5.5).24,183–185 In Fig. 

5.16, the experimental velocities of the Rayleigh and Sezawa modes for sample 

A1182 (75% indium composition) are also shown, and are in good agreement with 

the calculations. These have been calculated from the Brillouin shift, 𝑣 = 2𝜋Δ𝜔/𝑘. 

Fig. 5.16.  

The wave velocities of the Rayleigh 
(blue rhombus) and Sezawa (blue 
circles) modes for the sample 
A1182 measured under different 
sagittal angles is compared with the 
velocity dispersion modes calculat-
ed within the Green’s function 
method. The transversal velocities 
of the substrate, vTGaN = 3923 m/s, 
and thin film, vTInGaN = 2821 m/s 
are indicated with arrows. 
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The measurements have been performed at different sagittal angles, from 30º to 75º, 

which relates to the wave vector by 𝑘 = 4𝜋 sin 𝛼 /𝜆.  

Raman scattering by acoustic modes in InGaN/GaN superlattices 

There is a large interest in the study of semiconductor superlattices (SLs) be-

cause of the potential applications for novel devices. These include accommodation 

layers, high-frequency oscillators, quantum-cascade lasers, or thermoelectric devic-

es.10 For the case of optoelectronic devices with active material consisting of 

InGaN/GaN SLs, solar cells have been demonstrated186 and improved of 

InGaN/GaN-based LEDs are being developed.187  

Raman scattering is widely employed to gain information on the elastic prop-

erties, crystal quality or periodicity of SLs. Still, in the particular case of 

InGaN/GaN SLs, the large lattice mismatch between InN and GaN results in im-

portant in-plane strains that affect their optical, elastic and vibrational properties. 

For the case of the InGaN/GaN superlattices studied in this work (see Table 4.3), 

we have found that the phonon frequency as measured by Raman scattering is 

mostly determined by the periodicity of the SL rather than the strain state of the 

samples. In this section, the theoretical background for the analysis of the acoustic 

modes of InGaN/GaN SL’s as measured by Raman scattering is presented. 

The presence of a superlattice periodicity strongly influences the structure of 

the BZ. For the case of SLs with a periodicity, 𝑙, and a lattice parameter, 𝑎, the edge 

of the BZ zone is reduced from the one corresponding to the bulk, 𝜋/𝑎, to that cor-

responding to the SL, 𝜋/𝑙. The reduced BZ is known as mini-Brillouin zone (mini-

 𝐶11 𝐶12 𝐶13 𝐶33 𝐶34 

GaN 376.4 137.2 114.0 406.8 94.6 

InN 222.7 112.1 107.5 258.0 48.5 

b 100 43 −4.5 −1 35 

Table 5.5. Elastic constants (in GPa) of GaN183,184 and 

InN,185 and bowing parameter24 for InGaN. Note that for the 

wurtzite structure 𝐶66 = (𝐶11 − 𝐶12)/2 .  
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BZ). Contrary to the optical modes, which might be confined within particular lay-

ers of the SL, the acoustic modes propagate through the SL with an average velocity 

given by188 

𝑣 = 𝑑 [𝑑𝐴
2

𝑣𝐴
2 + 𝑑𝐵

2

𝑣𝐵
2 + 𝑑𝐴𝑑𝐵

𝜐𝐴𝜐𝐵
(𝑍 + 1

𝑍
)]

−1/2

, [5.43] 

where the parameter 𝑍 is defined as 

𝑍 = 𝜌𝐴𝜐𝐴
𝜌𝐵𝜐𝐵

, [5.44] 

where 𝜌 is the density of each material and 𝑑 = 𝑑𝐴 + 𝑑𝐵.  

The phonon dispersion of the acoustic modes exhibits a folding inside the 

mini-BZ. This is shown in Fig. 5.17 for a linear chain model consisting of two atoms 

with 𝑚𝐴 = 1.5 · 𝑚𝐵.  

The dispersion relation of the folded acoustic modes can be easily calculated 

within the elastic limit (i.e. at frequencies where the dispersion relation is linear for 

both constituents),189 as derived from an elastic continuum model,190 

cos(𝑘𝑑) = 𝑐𝑜𝑠 [𝜔 (𝑑𝐴
𝑣𝐴

+ 𝑑𝐵
𝑣𝐵

)] − 𝜀2

2
𝑠𝑖𝑛(𝜔𝑑𝐴

𝑣𝐴
)𝑠𝑖𝑛(𝜔𝑑𝐵

𝑣𝐵
), [5.45] 

 

 

Fig. 5.17.  

A linear-chain model calculation of 
the phonon dispersion curves for the 
longitudinal acoustic and optical 
modes. The folding effect can be 
seen inside the mini-BZ. For the 
calculation, a 1.5 ratio has been taken 

between 𝑚𝐴 and 𝑚𝐵. The periodici-
ty of the superlattice, d, has been 
taken as 10 times the lattice parame-
ter. 
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where 

𝜀 = 𝜌𝐵𝑣𝐵 − 𝜌𝐴𝑣𝐴√
𝜌𝐴𝑣𝐴𝜌𝐵𝑣𝐵

. [5.46] 

The Eq. [5.45] takes into account the splitting of the acoustic branches near Г and 

the BZ zone edge, which is a consequence of the different masses of the ions of 

each constituent.91 Far from this region, the dispersion relation is simply given by 

𝜔𝑚(𝑞) = 𝑚𝑣
𝑑

± 𝑞𝑣
2𝜋

, [5.47] 

in SI units (the frequency is expressed in Hz), where 𝑣 is the mean sound velocity 

defined in Eq. [5.43] and 𝑚 is a natural number including the zero. For a given wave 

vector, Eq. [5.45] has two solutions, known as doublets. The scattering efficiency of 

these modes decreases with increasing the order of the folding, 𝑚. Still, it is possible 

to estimate 𝑣 from the splitting of a single doublet from  

∆𝜔(𝑞) = 𝑞𝑣
𝜋

, [5.48] 

while the bandgap opening near the zone center or zone edge can be derived from 

Eq. [5.45] and is189 

∆𝜔(𝑞) ≅ ±𝜀 𝑣
𝑑

𝑠𝑖𝑛 [𝑚𝜋
2

(1 − 𝛼)𝑣𝐵 − 𝛼𝑣𝐴
(1 − 𝛼)𝑣𝐵 + 𝛼𝑣𝐴

] , [5.49] 

where 

𝛼 = 𝑣𝐵
𝑣𝐴 + 𝑣𝐵

. [5.50] 

The study of the doublets in InGaN/GaN SL’s performed in this thesis (see 

Article 5.2.) allowed us to estimate the sound speed of InxGa1-xN within the range 

of experimental error. The values of 𝑣𝐼𝑛𝐺𝑎𝑁  for 0.15 < 𝑥 < 0.30 (see Table 5.3 for 

more details) here obtained are qualitatively in agreement with a linear interpolation 

of the composition end members (using 8.0·105 cm/s and 5.2·105 cm/s for GaN 

and InN, respectively191). 
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5.3. Results and list of published works 

The work performed in this thesis dealing with the room-pressure and high-

pressure optical and vibrational properties of InGaN has given rise to four publica-

tions, Articles 5.1 to 5.4, which have been attached in the following pages: 

 

- Article 5.1: Raman scattering by E2h and A1(LO) phonons of InxGa1-xN epilayers 

(0.25<x<0.75) grown by molecular beam epitaxy, by R. Oliva, J. Ibáñez, R. Cuscó, R. 

Kudrawiec, J. Serafinczuk, O. Martínez, J. Jiménez, M. Henini, C. Boney, A. 

Bensaoula and L. Artús.  

Published in Journal of Applied Physics (2012), vol. 111, p. 063502. 

 

In this work, we have used Raman spectroscopy to investigate the lattice dy-

namics, and in particular the composition behavior of the E2h and A1(LO) phonons 

of the InxGa1-xN ternary alloy. One of the main objectives of this work is to under-

stand the room-pressure behavior of the optical phonons in InGaN, prior to the 

high-pressure Raman studies. For this purpose, we evaluate the role of lateral com-

positional fluctuations and in-depth strain/composition gradients on the frequency 

of the A1(LO) bands. To this end, we have performed visible and ultraviolet Raman 

measurements on a set of high-quality InGaN epilayers grown by MBE with In con-

tents over a wide composition range (0.25 < x < 0.75, see the description of the 

samples in Table 5.1). In this work we find that the as-measured A1(LO) frequency 

values strongly deviate from the linear dispersion predicted by the modified ran-

dom-element isodisplacement (MREI) model. However, we show that the strain-

corrected A1(LO) frequencies are qualitatively in good agreement with the expected 

linear dependence. In contrast, we find that the strain-corrected E2h frequencies 

exhibit a bowing in relation to the linear behavior predicted by the MREI model. 

Such bowing should be taken into account to evaluate the composition or the strain 

state of InGaN material from the E2h peak frequencies. We show that in-depth 

strain/composition gradients and selective resonance excitation effects have a 

strong impact on the frequency of the A1(LO) mode, making very difficult the use 

of this mode to evaluate the strain state or the composition of InGaN material. 
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- Article 5.2: Raman scattering by folded acoustic phonons in InGaN/GaN superlattices, by 

J. Ibáñez, A. Rapaport, C. Boney, R. Oliva, R. Cuscó, A. Bensaoula, and L. Artús. 

Published in Journal of Raman Spectroscopy (2012), vol. 43, p. 237. 

 

In this article, Raman scattering is used to investigate the folded longitudinal 

acoustic (LA) phonons in a series of InxGa1-xN/GaN superlattices (SLs) grown by 

MBE with different compositions (15% < x < 38%) and SL periods (from 8 to 20 

nm). Details of the samples studied in this work can be found in Table 5.3. One 

particularity of this study is that a novel, ultralow wavenumber filtering module, 

which provides access to ultralow wavenumber Raman modes on single-grating 

spectrometers, is used to perform the Raman measurements. The aim of this work 

is to experimentally detect the acoustic phonons of InGaN by means of Raman 

spectroscopy. The measurements on the SLs allow us to observe zone-folding ef-

fects. The wavenumber behavior of the folded LA modes is well reproduced with a 

linear dispersion for the folded LA modes as predicted by elastic continuum theory. 

Finally, we employ the wavenumber of the doublets to evaluate the period of the 

SLs. 

 

- Article 5.3: Brillouin scattering determination of the surface acoustic wave velocity in InGaN: 

A probe into the elastic constants, by R. J. Jiménez-Riobóo, R. Cuscó, R. Oliva, N. 

Domènech-Amador, C. Prieto, J. Ibáñez, C. Boney, A. Bensaoula, and L. Artús. 

Published in Applied Physics Letters (2012), vol. 101, p. 062103. 

 

The aim of this work is to determine the surface acoustic wave velocity in the 

high-quality InxGa1-xN layers used in Article 5.1 (0.34 < x < 0.75) by means of high 

resolution Brillouin spectroscopy, with the aim of obtaining information about the 

compositional behavior of the elastic constants of the InGaN alloy. The sagittal de-

pendence of the surface acoustic velocity has been analyzed by comparing the ex-

perimental results with theoretical simulations based on the Green’s function for-

malism. We find the best agreement with our data when the bowing parameters for 
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the elastic constants as obtained from DFT calculations published in the literature 

are taken into account. The dependence of the surface acoustic wave velocity on 

alloy composition is given. 

 

- Article 5.4: High-pressure Raman scattering in InGaN heteroepitaxial layers: Effect of the 

substrate on the phonon pressure coefficients, by R. Oliva, J. Ibáñez, R. Cuscó, A. Dadgar, 

A. Krost, J. Gandhi, A. Bensaoula, and L. Artús. 

Published in Applied Physics Letters (2014), vol. 104, p. 142101. 

 

In this article, we present high-pressure Raman-scattering measurements on 

different InxGa1-xN/Si(111) epilayers (0.19 < x < 0.45, see details in Table 5.2). The 

aim of this work is to determine the mode Grüneisen parameters of InGaN as a 

function of composition. To our knowledge, this is the first experimental determina-

tion of these parameters in the InGaN alloy. We find that the experimental pressure 

coefficient of the A1(LO) mode measured in these samples is larger than that ex-

pected from the linear interpolation between the corresponding values of GaN and 

InN. Similar measurements in the InGaN epilayers grown on GaN/sapphire tem-

plates used in Articles 5.1 and 5.3 yield much lower values, below the linearly inter-

polated pressure coefficients. The different results in both types of samples allow us 

to conclude that the phonon pressure coefficients measured in InGaN are mainly 

determined by the different compressibility of the substrate and epilayer material. 

Thus, it is concluded that neglecting substrate effects may yield highly inaccurate 

phonon pressure coefficients and mode Grüneisen parameters. 
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CHAPTER 6 

Summary and conclusions 

 

This work has been aimed at providing a deeper insight into the optical and 

vibrational properties of InN and InxGa1−xN at room and high pressure. For this 

purpose, a large set of InN and InGaN epilayers and heterostructures have been 

studied with different spectroscopic techniques. Next, we present the main 

conclusions obtained in the previous chapters and attached articles. 

6.1. Optical properties of InN 

 A pressure coefficient of 32 meV/GPa has been obtained for the 

fundamental band gap of InN by means of high-pressure optical absorption 

measurements.  

 

 It has been observed that the pressure coefficient of the optical band gap of 

InN decreases with increasing electron concentration. This observation can 

be explained with a model that takes into account the band gap filling effect.  

 

 The wurtzite to rocksalt phase transition has been observed around 15 GPa 

in high-pressure optical absorption measurements. Around the phase 

transition, the indirect band gap of rocksalt InN was measured as 0.7 eV, and 

its pressure coefficient as ~23 meV/GPa. 

 

 The refractive index of wurtzite and rocksalt InN has been measured by 

optical reflectivity under high-pressure in the 1000-7000 cm−1 infrared 

spectral range. A model for the dielectric function of InN including high-

electronic transitions, lattice vibrations, free carriers and the fundamental 

band gap of InN has been used to determine the high-frequency dielectric 

constant. The relative pressure coefficient, (1/𝜀∞)𝑑𝜀∞/𝑑𝑃, thus obtained for 
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wurtzite and rocksalt InN is −8.8·10−3 GPa−1 and −14.8·10−3 GPa−1, 

respectively. 

6.2. Vibrational properties of InN 

 The pressure coefficient of the 𝐸2𝑙, 𝐸2ℎ, 𝐴1(𝑇𝑂), 𝐸1(𝑇𝑂) and 𝐿𝑂 optical 

phonon modes of wurtzite InN have been measured by high-pressure 

Raman scattering on InN thin films grown on GaN/sapphire templates. 

From these results the corresponding mode Grüneisen parameters have been 

obtained. The experimental data have been compared with ab initio lattice-

dynamical calculations. Good agreement has been found between 

experimental and calculated values. 

 

 The pressure dependence of the L− longitudinal optical plasmon coupled 

mode has been measured by Raman scattering under high pressure for a 

sample with high free electron concentration. From the pressure coefficient 

of this mode, the pressure dependency of the effective mass of InN has been 

evaluated: (1/𝑚∗)𝑑𝑚∗/𝑑𝑃 = 0.031 GPa−1, which is in good agreement with 

𝒌 · 𝒑 theory. 

 

 The effect of Martin’s double resonance mechanism on the pressure 

coefficient of the LO modes of InN has been evaluated considering a two-

band 𝒌 · 𝒑 Kane model. It has been found that the pressure coefficient could 

be somewhat larger, up to 1-2 cm−1/GPa, if an excitation energy close to the 

band gap of the semiconductor was employed.  

 

 The wurtzite to rocksalt phase transition has been observed by high-pressure 

Raman scattering at ~13 GPa. The pressure coefficients and mode 

Grüneisen parameters of the different Raman features have been obtained. 

Also, the rocksalt to wurtzite back transition has been found at ~2 GPa. It 

has been found that, after the transitions, the Raman spectra are dominated 

by disorder-activated first order modes. The Raman features have been 
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compared to the phonon density of states obtained from ab initio lattice 

dynamical calculations.  

6.3. Optical and vibrational properties of InGaN 

 The optical band gap of InGaN epilayers grown on GaN/sapphire 

substrates has been determined by optical absorption, photoluminescence 

and cathodoluminescence for the whole composition range. Composition 

inhomogeneity, residual electron concentration and strain modify the optical 

band gap measured with absorption or luminescence techniques. We have 

obtained corrected bandgap values for the InGaN samples studied in this 

thesis. From these values we infer a bowing parameter of b = 1.5 eV. 

 

 The frequency of the A1(LO) and E2h phonon modes of InxGa1−xN epilayers 

grown on GaN buffer layers and sapphire substrates have been reported for 

different indium compositions in the range 0.25 < x < 0.75. After correcting 

strain effects it has been found that the dependency of the frequency with 

composition is linear for the A1(LO) mode and parabolic for the E2h mode. 

The fitted bowing parameter for the dependency of the E2h mode is b = 46 

cm−1. 

 

 It has been shown that selective resonant excitation arising from 

composition fluctuations importantly affect the frequency of the A1(LO) 

mode as measured by Raman scattering under resonant excitation conditions. 

The dependence of the frequency of the A1(LO) Raman peak with excitation 

energy has been qualitatively described by a model that assumes a non-

homogeneous composition distribution. 

 

 High-pressure Raman measurements have been performed on InGaN 

epilayers grown on GaN/sapphire and Si(111) substrates. It has been found 

that the phonon pressure coefficient of the A1(LO) phonon mode is higher 

for the samples grown on silicon and lower for the samples grown on GaN. 
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This result has been attributed to the difference in compressibility of the 

substrates.  

 

 Taking into account the substrate effect on the pressure coefficient of 

InGaN epilayers it has been found that the dependency of the pressure 

coefficient of the A1(LO) for InGaN is well described by a linear 

interpolation of the pressure coefficient of the compositional end members, 

using 3.8 cm−1/GPa for GaN and 5.2 cm−1/GPa for InN. 

 

 The zone-folding effect on the acoustic modes of InGaN/GaN superlattices 

has been investigated by means of Raman scattering. For the Raman 

measurements, a novel ultralow wavenumber filtering module has been used 

to gain access to low wavenumber Raman modes. It has been found that the 

wavenumber of the LA doublets is well described by the elastic continuum 

theory. From the Raman measurements, the period of the superlattices has 

been calculated and found to be in good agreement with XRD 

measurements. 

 

 The surface acoustic wave velocities of InGaN epilayers grown on 

GaN/Al2O3 substrates have been measured by means of high-resolution 

Brillouin spectroscopy. These results have been evaluated with simulations 

based on the calculation of Green’s function for the determination of surface 

acoustic waves in epilayers. We conclude that the elastic constants of InGaN 

can be described with a parabolic dependence, in agreement with previous ab 

initio calculations on clustered supercells. 
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C. Resum en català 

 

Introducció 

 En la darrera dècada l’estudi dels materials semiconductors ha augmentat 

significativament per les potencials aplicacions que aquests ofereixen en el creixent 

mercat de la optoelectrònica. Un dels semiconductors més prometedors és el nitrur 

de gal·li indi (InxGa1−xN). L’interès per aquest aliatge va créixer arran del 

descobriment l’any 2002 del gap del nitrur d’indi (InN), establert als 0.7 eV. Aquesta 

troballa mostrava que l’InGaN és un semiconductor de gap directe que cobreix tot 

l’espectre visible, des dels 0.7 eV per al InN fins als 3.4 eV per al GaN. A més, tenint 

en compte que tant el InN com el GaN posseeixen propietats electròniques i òptiques 

excepcionals (tals com l’alta conductivitat del InN o l’alta tensió de ruptura del GaN), 

les perspectives per al InGaN actuant com a material actiu en una gran varietat de 

dispositius optoelectrònics són excel·lents. Cal destacar que la obtenció de díodes 

emissors de llum altament eficients basats en nitrur de gal·li (GaN) i nitrur de gal·li 

indi (InxGa1−xN) va merèixer el premi Nobel de física per a I. Akasaki, H. Amano i S. 

Nakamura l’any 2014.  

 Malgrat l’alt interès tecnològic del InGaN i els seus compostos binaris, avui en 

dia les seves propietats optoelectròniques no estan totalment caracteritzades. Per tant, 

és necessari continuar investigant amb la finalitat de desvetllar les propietats 

fonamentals rellevants d’aquest compost, millorar el creixement cristal·lí i 

conseqüentment optimitzar el disseny de dispositius optoelectrònics.  

L’absorció òptica o l’espectroscòpia de transformada de Fourier  en infraroig 

(FTIR) són tècniques espectroscòpies molt útils per a l’estudi de propietats 

optoelectròniques dels semiconductors, tals com la banda prohibida electrònica (en 

anglès bandgap) o l’índex de refracció. Des d’un punt de vista de caracterització, també 

resulten molt informatives les tècniques vibracionals com les espectroscòpies de 

Raman o Brillouin. Aquestes aporten informació com les fases cristal·lines, tensió a 

la xarxa cristal·lina o la presència de defectes així com també ens permeten mesurar 

propietats vibracionals, per exemple les energies fonòniques o la velocitat del so. La 
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combinació d’aquestes tècniques amb l’alta pressió permet mesurar l’efecte de les 

distàncies interatòmiques en les propietats fonamentals dels semiconductors. L’ús de 

l’alta pressió també ens permet contrastar models computacionals (com la teoria del 

funcional densitat, DFT) utilitzats per a calcular les propietats optoelectròniques i 

estructurals dels cristalls. En aquesta tesi les tècniques prèviament esmentades s’han 

implementant a una cel·la d’enclusa de diamant (DAC) per a l’estudi de les propietats 

fonamentals del InGaN i del InN en condicions d’alta pressió. Cal notar que la DAC 

resulta especialment adient per a la realització d’experiments òptics ja que les encluses 

són transparents en un ampli rang espectral i permeten fer mesures in situ. Els 

experiments presentats en aquesta tesi s’han realitzat fins a una pressió de 20 GPa.  

Propietats òptiques del InN 

 Una de les principals dificultats per a la caracterització de les propietats 

òptiques del InN ha estat la dificultat de créixer InN lliure de defectes i amb baixa 

densitat de càrrega. En aquesta tesi, hem estudiat mostres d’alta qualitat cristal·lina 

amb diferents densitat de càrrega per tal d’esbrinar-ne l’efecte en el coeficient de 

pressió de la banda prohibida mesurat per absorció òptica. Aquest estudi ens ha 

permès establir el coeficient de pressió de la banda prohibida fonamental del InN a 

32 meV/GPa. A més, també hem mesurat la transició de wurtzita-a-halita del InN. 

Això ens ha permès establir la banda prohibida fonamental de la fase halita del nitrur 

d’indi a 0.7 eV per a la pressió de transició (~15 GPa) i el seu coeficient de pressió 

~23 meV/GPa. 

En un segon treball, hem mesurat la dependència amb pressió de l’índex de 

refracció de les fases wurtzita i halita del InN mitjançant FTIR en condicions d’alta 

pressió. A partir de l’anàlisi de l’espectre FTIR del InN mitjançant un model de la 

funció dielèctrica que inclou les contribucions fonòniques, plasmòniques, de gap 

directe i gaps d’alta energia, n’hem obtingut el coeficient de pressió de la constant 

dielèctrica d’alta freqüència: −8.8·10−3 GPa−1 i −14.8·10−3 GPa−1 per les fases 

wurtzita i halita, respectivament.    
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Propietats vibracionals del InN 

El nitrur d’indi en fase wurtzita (grup espacial 𝐶6𝑣
4 ) té sis modes fonònics amb 

activitat Raman (Raman active modes). Utilitzant capes primes de InN crescudes en 

diferents direccions (cares c i a), hem mesurat les freqüències fonòniques de tots els 

modes i les seves dependències amb pressió. Aquests resultats ens han permès calcular 

els modes de Grüneisen associats a cada mode fonònic. Aquests valors han estat 

comparats amb càlculs de dinàmica de xarxa a primers principis. Els càlculs i els 

experiments mostren bon acord. Hem observat que les freqüències de tots els modes 

fonònics augmenten amb la pressió excepte per al mode 𝐸2𝑙, que presenta un caràcter 

soft mode, indicatiu d’una inestabilitat estructural que resulta en la transició de fase 

wurtzita a halita. 

Per a l’estructura halita no s’espera observar modes Raman actius de primer 

ordre. Per al cas del CdO hem mostrat com els experiments de Raman sota pressió 

juntament amb càlculs ab initio ens permeten identificar l’origen de les bandes 

fonòniques de segon ordre. Tanmateix, en el cas del InN, l’estructura cristal·lina es 

desordena desprès de la transició de fase i presenta defectes estructurals que relaxen 

les regles de selecció Raman. Això permet que els modes de primer ordre participin 

en el procés Raman. L’espectre Raman resultant es correspon la densitat d’estats 

fonónics. Mitjançant càlculs de corbes de dispersió fonòniques per a les estructures 

wurtzita i halita a diferents pressions, hem pogut identificar totes les característiques 

de l’espectre Raman per a ambdues fases. 

D’altra banda, analitzant una mostra amb alta densitat de càrrega (Ne = 

1.6·1019 cm−3) hem obtingut la dependència amb pressió d’un mode longitudinal òptic 

acoblat amb el plasma (LOPCM). A partir d’aquesta dependència hem estimat el 

coeficient de pressió de la massa efectiva del nitrur d’indi, 3.1·10−2 GPa−1, que 

correspon bé amb el obtingut a partir de la teoria k·p.  

Per a validar els coeficients de pressió dels modes fonònics mesurats 

experimentalment, hem avaluat l’efecte de dues possibles fonts d’error. En primer 

lloc, el possible efecte de substrat o de densitat de càrrega residual. Estudiant mostres 

crescudes en diferents condicions hem conclòs que aquests efectes no són rellevants. 

En segon lloc, hem considerat l’impacte del mecanisme de Martin de doble 
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ressonància en els coeficients de pressió dels modes longitudinals òptics (en el que 

fonons de llarg vector d’ona participen en el procés Raman). Hem conclòs que aquest 

efecte és inferior a l’error experimental.  

Propietats òptiques i vibracionals del InGaN 

Actualment se sap que la dependència composicional de la banda prohibida 

del InGaN és sublineal i pot ser ajustada amb una funció parabòlica que depèn de les 

bandes prohibides dels extrems composicionals i d’un coeficient anomenat paràmetre 

de parabolicitat (en anglès bowing parameter), b. La dependència composicional de la 

banda prohibida del InGaN és difícil de determinar degut a diferents defectes presents 

en les mostres, els més rellevants són; 1- l’alta densitat de càrrega electrònica residual, 

2- tensió elàstica a la xarxa cristal·lina i 3- inhomogeneïtats composicionals. En 

aquesta tesi hem estimat el paràmetre de parabolicitat tenint en compte aquests tres 

efectes a partir de mesures de fotoluminescència i absorció òptica en mostres de 

InGaN d’alta qualitat cristal·lina. El nostre resultat, b = 1.45 eV, és compatible amb 

els valors de la literatura. A més, hem realitzat un experiment de fotoluminescència 

sota condicions d’alta pressió hidrostàtica a fi de mesurar el coeficient de pressió de 

la banda prohibida d’una mostra de In11Ga89N. 

Pel que fa a les propietats vibracionals, la dependència composicional de les 

energies fonòniques del InGaN no està totalment ben establerta. Actualment se sap 

que els modes fonònics A1(LO) i E2h del InGaN són de comportament a un mode 

(one-mode behaviour), és a dir, les seves freqüències varien contínuament amb la 

composició, des d’un extrem (InN) fins a l’altre (GaN). Tanmateix, la freqüència del 

mode A1(LO) mesurat en aquesta tesi presenta fortes desviacions d’aquesta tendència. 

Això és degut a que les capes primes aquí utilitzades estan acomodades a un substrat 

de GaN de paràmetre de xarxa diferent. Aquest acoblament epitaxial resulta en una 

tensió a la xarxa cristal·lina de la capa prima que incrementa significativament les 

freqüències fonòniques. Gràcies a mesures de difracció de rajos X d’alta resolució 

(HRXRD) en les nostres mostres hem pogut quantificar aquesta tensió i corregir-la 

per a obtenir la dependència composicional de les freqüències dels modes A1(LO) i 

E2h. Hem conclòs que el mode A1(LO) segueix una dependència lineal amb la 

composició, mentre que el mode E2h segueix una dependència sublineal que es pot 
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descriure per una funció parabòlica amb un paràmetre de parabolicitat de b = 46 cm−1. 

D’altra banda, els nostres experiments constaten que les freqüències mesurades del 

mode A1(LO) són fortament dependents de la longitud d’excitació utilitzada en 

l’experiment Raman. Hem atribuït aquest fenomen a un efecte de ressonància 

selectiva, fruit de la naturalesa ressonant del mode A1(LO) i de la inhomogeneïtat 

composicional. Hem proposat un model quantitatiu que explica satisfactòriament 

l’efecte de ressonància selectiva mesurat a la literatura i en aquest treball.  

Hem realitzat mesures d’alta pressió hidrostàtica per a obtenir el coeficient de 

pressió del mode A1(LO) i el seu mode de Grüneisen. A fi d’avaluar l’efecte de 

substrat en el coeficient de pressió, hem realitzat experiments amb capes primes 

crescudes sobre dos tipus de substrats. Els substrats són més o menys (Si i GaN, 

respectivament) compressius que la capa prima de InGaN. Hem observat que les 

mostres crescudes sobre un substrat més (menys) compressiu presenten un coeficient 

de pressió major (menor). Aquestes observacions ens han permès concloure que la 

dependència composicional del coeficient de pressió i mode de Grüneisen del InGaN 

són lineals.  

Per a l’estudi dels modes fonònics acústics, hem mesurat els modes LA plegats 

(LA folded modes) de superxarxes de InGaN/GaN crescudes sobre safir mitjançant un 

espectròmetre Raman acoblat a un mòdul de filtrat de baixa freqüència. Hem 

reproduït el comportament de dispersió lineal dels modes LA d’acord amb la teoria 

elàstica de medis continus (elàstic continuum theory). A partir de les freqüències dels 

modes plegats LA, hem calculat la periodicitat de la superxarxa i hem obtingut un bon 

acord amb els valors obtinguts per mesures de difracció de rajos X. Per tal d’obtenir 

informació sobre la dependència composicional de les constants elàstiques, hem 

mesurat els modes superficials acústics (SAW) de capes primes de InGaN amb 

espectroscòpia de Brillouin d’alta resolució. Ajustant simulacions basades en el 

formulisme de Green, hem conclòs que els resultats experimentals queden ben 

descrits si s’assumeix una dependència composicional de tipus parabòlica de les 

constants elàstiques.  
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