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Zusammenfassung

Im Rahmen dieser Arbeit werden Untersuchungen der optischen und strukturellen Eigen-

schaften von epitaktisch gewachsenen Gruppe-III-Nitrid Filmen sowie des Wachstums von

Indiumnitrid (InN) und indiumreichem Indiumgalliumnitrid (InGaN) mittels Hochdruck-

Gasphasenepitaxie (High-Pressure Chemical Vapour Deposition, HPCVD) dargestellt. Die

Vor- und Nachteile verschiedener Wachstumsverfahren für InN und InGaN werden kurz

erläutert, um die Forschung an Hochdruck-Gasphasenepitaxy zur Überwindung gegebener

Limitierungen im Wachstumsprozess zu motivieren. HPCVD (auch als Superatmospheric-

CVD bezeichnet) ist eine recht neue Technik, die an der Georgia State University (GSU)

erforscht wird. Ziel der Arbeit ist es, zu zeigen, wie weit die Wachstumstemperatur von indi-

umreichen Gruppe-III Nitriden, durch die Stabilisierung der Wachstumsoberfläche in einer

Hochdruck-Stickstoffatmosphäre, erhöht werden kann. Es werden verschiedene Serien von

Proben untersucht, um den Einfluss des Drucks im Reaktor, des Massenflussverhältnises

von Gruppe-V und Gruppe-III Präkursoren und des Abstands der Präkursorpulse, auf die

strukturellen und optischen Eigenschaften zu bestimmen. Systematische Variationen der Ex-

positionszeiten der Wachstumsoberfläche zum Ammoniak zeigen, dass der Transport und

Einbau des flüchtigen Stickstoffs das Wachstum limitieren. Daher muss für das Wachs-

tum von InN der Abstand zwischen einem Ammoniakpuls und dem folgenden Puls des

metallorganischen Präkursors so kurz wie möglich sein, für InGaN dagegen ist mit stei-

gendem Ga-Gehalt ein größerer Abstand zwischen diesen Pulsen nötig. Optimierungen des

Wachstums von InN bei einem Reaktordruck von 15 bar haben gezeigt, dass bei einem

V/III-Verhältnis von 2800 und einer Temperatur von 876◦C qualitativ hochwertige InN-

Schichten gewachsen werden können. Mit angepassten Pulsseparationen wird das Wachs-

tum von phasenreinem, indiumreichem InGaN über einen weiten Kompositionsbereich de-

monstriert. Die Photolumineszenz(PL)-Spektren von HPCVD InN Epi-Schichten zeigen ei-

ne breite PL unterhalb von 0,8 eV, mit einer abfallenden Flanke bis zu 0,7 eV. In Folge

hoher freier Ladungsträgerdichte kommt es zum Auffüllen des Leitungsbands und zu ei-

ner Vergrößerung der effektiven optischen Bandlücke. Qualitativ hochwertige MOCVD und

MBE Proben zeigen longitudinal-optische Phonon-Plasmonen (LPP) Kopplung und gerin-

gere Übergangsenergien. Der Vergleich dieser Filmen zeigt, zusammen mit Ergebnissen aus

Messungen der LPP-Moden, ein Schieben der PL zu niedrigeren Energien mit abnehmender

Ladungsträgerdichte. Für die Probe mit der besten Kristallqualität werden temperatur-,

leistungs- und polarisationsabhängige PL-Messungen gezeigt. Die Ladungsträgerdichte liegt

gerade an der Grenze zum degenerierten Halbleiter, bei Erhöhung von Anregungsleistung

oder Temperatur wird der Übergang zum degenerierten Halbleiter beobachtet. Um den Ein-

fluss hoher Ladungsträgerdichten auf die strukturellen und optischen Eigenschaften von

Gruppe-III-Nitriden zu erforschen, werden mit Silizium und Germanium hochdotierte GaN-

Filme untersucht. Die PL zeigt, dass mit Ge deutlich höhere freie Ladungsträgerdichten von

bis zu 2·1020 cm−3 erreicht werden, ohne dass Kompensation oder eine Verschlechterung der

Materialqualität auftritt. Für Ge dotierte Filme wird ein nahezu unverspanntes Wachstum

auf GaN Pufferschichten beobachtet, mit Si wird starke tensile Verspannung und Kom-

pensation beobachtet. Für die freie Ladungsträgerdichte wird eine gute Übereinstimmung

mittels der Analyse der LPP-Moden und Hall-Effekt Messungen erzielt. Selbst bei höchster

Dotierung werden exzitonische Übergänge, sogenannte Mahan-Exzitonen, beobachtet.
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Abstract

In the framework of this work, the structural and optoelectronic properties of epitaxial

group III-nitride alloys grown with different deposition techniques will be correlated. A

strong emphasis lays in the growth and characterization of epitaxial indium nitride (InN)

and indium-rich indium gallium nitride (InGaN) layers by means of high-pressure chemical

vapor deposition (HPCVD). The work will provide a brief summary of the advantages and

disadvantages of the various deposition techniques presently explored for the growth of

InN and InGaN epitaxy, motivating the exploration of HPCVD to overcome the present

encountered processing limitations. HPCVD (also denoted as superatmospheric CVD) is

a rather new thin film growth technique presently explored at Georgia State University

(GSU), with the goal of assessing to what extent superatmospheric reactor pressure enables

the stabilization of indium-rich InGaN and their integration into wide bandgap III-nitrides.

Different series of InGaN epilayers have been characterized to assess the influence of reactor

pressure, the molar group V/III precursors ratio, and precursor pulse separation times, on

the structural and optoelectronic properties of the epilayers. Systematic studies on the in-

fluence of the precursor exposure timing sequence on the growth surface chemistry revealed

that transport and incorporation of the volatile nitrogen species to and at the growth sur-

face are growth limiting steps. Thus, the precursor pulse separation in between ammonia

and the following metalorganic precursor has to be as short as possible for the growth of

InN, while larger separations are required as the Ga concentration in InGaN is increased.

The optimization of InN growth at 15 bar reactor pressure revealed that for a V/III molar

precursor flow ratio of 2800 and at a growth temperature of 876◦C high quality InN epilayer

can be deposited. Adjusting the timing sequences for the growth of InGaN demonstrated

the ability to grow single phase, indium-rich InGaN over a wide compositional range. The

photoluminescence (PL) spectra for HPCVD grown InN epilayers show broad PL at photon

energies below 0.8 eV, tailing down to 0.7 eV. This is due to the high free carrier con-

centration in the epilayer, filling the conduction band and effectively increasing the optical

bandgap. High quality MOCVD and MBE grown epilayers show a shift of the PL to lower

photon energies (red shift) and show longitudinal-optical phonon-plasmon (LPP) coupling.

The comparison of InN samples grown with different growth techniques shows a further red

shift with lower carrier concentration. These results are in good agreement with results ob-

tained from LPP measurements. Temperature and excitation power as well as polarization

dependent measurements of the sample with the highest crystalline quality are presented.

The free carrier concentration is on the edge towards a degenerated semiconductor, showing

degenerated behavior for increased excitation power and temperatures.

To assess how high doping levels effect the structural and optical properties of III-nitrides,

GaN layers highly doped with silicon (Si) and germanium (Ge) have been investigated. The

PL analysis revealed that doping with Ge allows for considerably higher free carrier concen-

trations of up to 2 · 1020 cm−3 without significant compensation or structural degradation.

Almost strain free growth of the Ge doped films on GaN buffers is observed, whereas for

Si-doping high tensile strain and strong compensation is observed. The free carrier concen-

tration in the layers were analyzed by LPP measurements and by Hall-effect measurements,

both agreeing well. The optical analysis showed that even in the highest Ge-doped sample

excitonic transitions can be observed, indicating the existence of so called Mahan excitons.
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1 Introduction

The purpose of this chapter is to give a motivation for the research in this work,

to provide an overview of the properties of group-III nitrides and to give a brief

overview of the group-III nitride’s research history. The material system of group-

III nitrides attracted significant interest due to its direct band gap in combination

with the possibility to tune the gap over the whole visible spectral range by al-

loying the 3 most prominent representatives. Those are aluminumnitride (AlN) ,

galliumnidtride (GaN) and indiumnitride (InN) with a band gap of 6 eV, 3.4 eV

and 0.67 eV respectively. All 3 representatives appear in a cubic as well as in a

hexagonal wurtzite structure, which is thermodynamically more stable. On suitable

substrates all three can be synthesized in both phases but the cubic phase tends to

form hexagonal inclusions. The hexagonal phase of all three can be grown as high

quality, phase pure epitaxial layers.

A short history

The first attempts to synthesis group-III nitrides were made in the 1930’s. Interest

in utilization of the III-nitride material in devices increased drastically, since the

discovery of high recombination efficiency for holes and electrons in it. One major

challenge in utilization has been the synthetisation of high quality material suitable

for optical applications. In 1969 Maruska and Tietjen first deposited GaN by hydride

vapor phase epitaxy (HVPE).[1] Manasevit, Erdmann and Simpson successfully de-

posited GaN in 1971 by metal-organic chemical vapour deposition (MOCVD).[2]

Still the material quality was not suitable for optical applications due to a lack of

suitable lattice matched substrates until the 1980’s, when the groups of Akasaki and

Nakamura introduced AlN and later low temperature GaN buffer layers to reduce

the strain induced by the lattice mismatch along the nucleation interface.[3, 4]

This fostered rapid development towards the first devices based on heterostructure

and quantum wells. It took a few more years to find a suitable doping element and

a process for the growth of p-type conducting material which has been achieved

by the group of Akasaki in 1988[5] and also by Nakamura et al. in 1992.[6] Finally

in 1993 Nichia Corp. presented a commercial blue light emitting diode (LED),

culminating in the first laser diode (LD) presented in 1997 again by Nichia Corp.

At the same time devices such as high frequency transistors for high powers and

temperatures were developed due to the high mobility found in III-nitrides. Their
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high temperature stability and radiation hardness made them promising for a wide

range of applications. Soon after the first attempts at the growth of ternary alloys

such as InGaN and AlGaN were made. One of the reasons for the high interest in the

III-nitride system is the potential to tune the band gap of ternary and quaternary

alloys from the different III-nitride binaries between 0.67 eV and 6 eV covering more

than the whole visible spectral range.

Figure 1.1: Band gap of III-nitride compound semiconductors plotted versus the lattice con-

stant (after Schubert, 2006)[7]

In Fig. 1.1 the band gap of the three main representatives of the III-nitride system

and its ternary alloys are depicted versus the in plane (a-)lattice constants. With

this potential for band gap engineering different applications have been proposed,

e.g. to grow monolithic multi tandem solar cells built from multiple layers with

staggered band gaps allowing for conversion of different spectral portions of the

light in one high efficiency monolithic device.

For InGaN with moderate indium concentrations, below about 20%, successful

growth by common low pressure CVD was shown to maintain sufficient crystalline

quality for LEDs and even LDs. As the indium concentration increases different

challenges become important. Due to the lattice mismatch of the two binaries InN

and GaN of more than 11% a lot of local strain is induced leading to the forma-

tion of dislocations and other structural defects. Furthermore the material tends, in

order to reduce its potential energy, to show phase separation and spinodal decom-

position. Those two mechanisms both lead to the formation of areas with varying

indium concentrations, but on different scales, and with different ordering. Where

the classic phase separation happens on large scales up to micrometers and leads

to formation of indium rich islands in a depleted gallium rich matrix, the spinodal
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decomposition takes place on an atomic scale. The composition is modulated on a

nanoscopic scale with a certain characteristic periodicity. The average composition

measured by X-ray diffraction does not necessarily show strong deviation from the

expected composition.

The spinodal decomposition is not growth related, but rather an intrinsic property

of the material. It can be calculated by thermodynamic means, that at a given

growth temperature below a critical temperature there is a miscibility gap for inter-

mediate compositions. Fig. 1.2 shows theoretical calculations from Ferhat et al.[8]

of the stable, meta-stable (binodal), and unstable (spinodal) range of composition

depending on temperature.

Figure 1.2: Phase diagram of InGaN (a) and InAlN (b) depicting the binodal (solid) and

spinodal (dashed) phase transitions depending on temperature (from Ferhat et

al., 2002).[8]

Outside the solid line a thermodynamically stable phase can exist, in between the
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solid and the dashed line the material is thermodynamically metastable, and in be-

tween the two dashed lines at a given temperature the material is unstable. The

temperature needed in order to grow materials in the compositional mid-range are

unfortunately well above what can be done by classic MOCVD. Furthermore espe-

cially the indium rich alloys might not even be stable at the theoretically needed

temperatures. This is a strong motivation on the one hand to explore the growth

from the other binary InN, and on the other hand to try to increase the achievable

growth temperatures.

The other binary representatives of the III-nitride system suffered, especially in the

early stage, from a high nitrogen partial pressure above the growth surface of InN,

limiting the growth temperature to below 600◦C, and for AlN from the need for very

high growth temperature, above 1400◦C, required for the growth of good crystalline

quality AlN material.

In the following the focus will be on the developments in the field of synthetisation of

InN and In-rich InGaN. The first documented experiments on the synthetisation of

InN were performed by Juza and Hahn in 1938[9]. They reported the wurtzite type

crystalline structure for InN after synthetisation from InF6(NH4)3. Between 1956

and 1969 further attempts were made by different groups.[10–13] It is a documented

challenge to react the indium directly with nitrogen, all successful attempts for the

growth have been done using compounds containing both indium and nitrogen, or

compounds containing indium and utilizing ammonia as a nitrogen precursor. All

materials showed a rather poor crystalline quality and were either powder or poly-

crystalline thin films. In 1970 MacChesney et al. investigated the thermal stability

of the three main III-nitrides and calculated the dependency of thermal stability on

pressure under thermodynamical equilibrium conditions.[14] In the 1970s and early

80s materials quality evolved beginning with the work of Hovel et al. on rf-sputtering

of GaN and InN in 1972.[15] The deposited films were still polycrystalline but were

already highly oriented. They reported Hall mobilities of up to 250± 50cm2V −1s−1

and 5−8×1018cm−3 carrier concentration in n-type films. A direct band gap of 1.7

eV was claimed to be found. Tansley et al. reported in 1984 also on RF-sputtered

material a record breaking carrier density of 5 × 1016cm−3 and carrier mobility of

2700cm2V −1s−1.[16] Nobody even on the still existing original tools was able to re-

produce the presented data. Nevertheless the reported values are well in the range

predicted from ab-initio calculation of the electrical properties of InN which predict

room temperature mobilities of up to 4400cm2V −1s−1 and beyond 30000cm2V −1s−1

at 77K.[17]

In the late 1980s the first epitaxial single crystalline layers became available. The

works of Matsuoka et al. and of Wakahara et al. showed MOCVD being applicable

for the growth of epitaxial InN utilizing trimethylindium (TMI) and ammonia as
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well as microwave activated molecular nitrogen as precursors.[18–20] The films were

deposited on sapphire substrates. In the 1990s a lot of research was conducted

on epitaxial layers grown by molecular beam epitaxy (MBE) as well as MOCVD.

Significant improvements regarding the crystalline quality were achieved during this

time, and in 2002 Yamamoto et al. and Wu et al. presented high quality, single

crystalline films grown by MOCVD and MBE respectively.[21,22] For the MOCVD

grown films a carrier mobility of up to 730cm2V −1s−1 and carrier density of as low

as 6 × 1018cm−3 were found. Even better properties were achieved using plasma-

assisted (PA)MBE, here free carrier concentrations of as low as 3.5 × 1017cm−3

with mobilities of up to 2050cm2V −1s−1 were reported. For the first time strong

photoluminescence (PL) was observed in InN. On both the PAMBE grown and the

MOCVD grown films PL and optical absorption edge were observed at 0.685 eV

and 0.7 eV respectively.[23, 24] The earlier proclaimed band gap of 1.7 eV had to

be reviewed and it is currently accepted in the community that the band gap is

at or below 0.7 eV. The higher values reported earlier based on transmission and

reflection measurements are believed to originate from defect bands.

Even though there are two techniques available for the growth of high quality InN

there are still questions remaining regarding the rather high background free carrier

concentration, its origin, and the physical properties of intrinsic InN. So far no

signs of excitons beyond a doubt have been reported and very few experimental

results regarding the valence band structure are available. Furthermore there are

still challenges to manufacture devices utilizing InN and In-rich InGaN alloys due

to huge difference in growth temperature compared to GaN, which will be discussed

in the third chapter.



2 Objectives

The scope of this work is to investigate the free carrier concentration, optical, and

structural properties of state of the art indium nitride (InN) and indium-rich in-

dium gallium nitride (InGaN) epilayers grown by different deposition techniques.

Within this work a high pressure chemical vapor deposition system at Georgia State

University has been extended and the growth conditions for the growth of InN and

InGaN were evaluated. Finally the results of optical characterization is compared

with those of highly doped GaN films in order to gain information about the origin

of the observed luminescence from various InN films.

In the third chapter the two most common techniques for the deposition of III-

nitride epitaxial layers will briefly be presented. With regard to the growth of InN

and In-rich InGaN the advantages and disadvantages are discussed.

The experimental characterization techniques applied for the investigation of the

structural and optical properties will be presented in the fourth chapter.

The fifth chapter will give an overview on the structural properties of III-nitride

binaries. A focus is put on the Raman modes observed in the hexagonal III-nitrides.

Since it is known, that InN regularly exhibits a rather high n-type conductivity,

in the sixth chapter highly silicon and germanium doped GaN will be examined in

order to asses the effects of high n-type free carrier concentration on the structural

and optical properties of III-nitride semiconductors.

The idea and benefits of super atmospheric growth chamber pressure, its necessities

regarding the growth system’s design and its effects on the grown films will be

examined. The High-pressure chemical vapor deposition system that is used will be

described in the seventh chapter. Experiments to evaluate the growth conditions

with the scope to optimize the crystalline structure and the electro-optical properties

will be presented.

In the eighth chapter results of optical characterizations will be presented. In order

to foster understanding of the observed luminescence and excitation channels in InN,

the results will be compared to those from highly doped gallium nitride (GaN).

The ninth chapter will be used to summarize the results and present conclusions.



3 State of the art epitaxial growth of

indium rich III-nitrides

This chapter gives a brief introduction into common epitaxial processes used for the

deposition of III-nitride thin films, namely metal-organic chemical vapor deposition

and molecular beam epitaxy. Even though there are other techniques for deposi-

tion of thick films like hydride vapor phase epitaxy (HVPE)[25–27], ammonothermal

growth[28–30], and bulk crystal growth techniques available, this section will focus

on the presently most common utilized growth techniques for device applications.

Low-pressure MOCVD and MBE have been extensively utilized for growth of homo-

and heteroepitaxial device structures. At present, the most common substrate used

for the growth of III-nitrides is crystalline sapphire, which lattice-mismatch to III-

nitrides requires advanced nucleation and buffer or interlayer approaches for interfa-

cial strain relaxation. In recent years great advances have been made in the field of

bulk crystal growth, providing lattice-matched GaN and AlN substrates even though

they are still small in size (ø<2”) and are not cost effective for mass-production.

There are other techniques like RF-sputtering, reactive evaporation, electron beam

plasma techniques, and solvo-thermal methods available, but due to the presently

encountered limitations in crystalline quality, low growth rates, or insufficient in-

dustrial maturity these techniques will not be discussed in detail here.

The goal of epitaxial - from the Greek word ’epi’ (meaning above) and the word

’taxis’ (meaning ordered) - growth is to overgrow a given surface in an ordered crys-

talline manner. Starting with a clean crystalline substrate surface the goal is to grow

an atomically flat (2-dimensional) single crystalline homo- or heteroepitaxial layer.

For the fabrication of specific device structures, such overgrowth may consist of mul-

tiple processing steps on lateral and vertical structured substrates and/or previously

grown and structured epilayers. Depending on the epitaxial growth conditions and

the used substrate or template, the growth can follow three different growth modes

(see Fig. 3.1), which can be distinct by considering the films free energy.

The free energy is composed of contributions from the surface, and the volume. If

the lattice mismatch with the substrate is too big, the volumes contribution to the

free energy is growing faster than the surface contribution. In this case the free

energy can be smaller for islands, even though the surface contribution increases

for islands, the volume contribution can compensate for this, because the strain
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Figure 3.1: Schematic depiction of growth modes. a) layer-by-layer growth (Frank-van

der Merve) b) layer-plus-island growth (Stranski-Krastanov) c) island growth

(Vollmer-Weber) (after R. Franchy[31])

built up in the layer can be released by the relaxation of the lattice reducing the

volume contribution. This increased tendency to form islands can be controlled to

a certain degree by adjusting the growth parameters, such as growth temperature,

growth rate, V/III-ratio, and reactor pressure. Increased growth temperature for

example reduces the surface tension and allows adsorbed atoms to overcome the

potential barrier at the edge of an island, promoting the incorporation on top of

the island at energetically beneficial positions.[32] If the build in strain becomes big

enough this can lead to cracking of the film in order to release it. Additionally in

heteroepitaxy the thermal expansion coefficient of the substrate usually is different

from the grown film. This can as well lead to cracking of the grown film during cool

down, but it can as well be used to decrease the strain in the film after cool down by

choosing a substrate with according thermal properties or by introduction of inter

layers. Such strain engineering by alternating layers or composition gradients is often

used in buffer layers to decrease strain and improve the crystalline perfection before

deposition of the active region. Especially in polar semiconductors, controlling the

strain is important because it introduces piezoelectric fields changing the effective

band gap. This so called quantum-confined Stark effect is of crucial importance for

quantum wells used for example in light emitting diodes and laser diodes.[33]

3.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a common method for the epitaxial growth of

semiconductors. The precursors are evaporated from a Knudsen-cell or are injected



3.1 Molecular beam epitaxy 15

as a gas directly into the growth chamber. The atoms ballistically reach the growth

surface where they are adsorbed and incorporated. Therefore the growth chamber

pressure has to be low enough to allow for ballistic transport. The pressure for

MBE growth is in the range of high and ultra-high vacuum (10−6mbar - 10−9mbar).

The temperature, compared to other techniques, is rather low. This leads to a

low precursor cracking efficiency for molecular precursors. For the growth of V/III-

semiconductor material, a plasma-assisted process is often used for the decomposi-

tion of the nitrogen precursor, thus allowing for the use of molecular nitrogen. To

supply the metal compound high purity material is evaporated in a Knudsen-cell

and emitted towards the growth surface. The sources are usually arranged in a cir-

cular geometry below the growth surface and are equipped with mechanical shutters

to allow for quick activation and shut down of certain precursors. A typical MBE

setup is schematically depicted in Fig. 3.2. In order to promote more homogeneous

growth of the film, the substrate is usually rotated around the normal of the surface.

Figure 3.2: Schematic view of a MBE chamber [34]

MBE systems can easily be equipped with sophisticated real time analysis like reflec-

tion high energy electron diffraction (RHEED) and low energy electron diffraction

(LEED), due to the high-vacuum conditions inside the chamber. These techniques

allow for observation of the surface reconstruction and the layer by layer growth on

the film.
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MBE growth technique allows for very low non intentional (residual) doping levels,

due to the use of high purity elemental precursors. This usually comes with the

cost of a rather low growth rate (< 1µm/h) and a complicated loading and un-

loading procedure due to the vacuum chamber and its necessities. Furthermore the

achievable size (area) of growth is small compared to more commonly commercially

used MOCVD systems. This makes MBE a great tool for research, but cost pro-

hibitive for industry. There are several variations of the general scheme of MBE like

the metalorganic molecular beam epitaxy (MOMBE), which utilizes metalorganic

precursors instead of evaporation cells from pure metal, or pulsed laser deposition,

where the metal is deposited by laser ablation from a solid nitride or a metal target

in a reactive nitrogen environment like from a plasma assisted source. With the use

of metalorganic precursors the level of residual doping is expected to be the same

order of magnitude as in MOCVD. In research MBE is a very powerful tool for

the synthetisation of high purity semiconductor material, but due to its high cost,

relative small growth rate, and lack of scalability, it’s rarely used in industry.

3.2 Metal-organic chemical vapor deposition

Metal-organic chemical vapor deposition (MOCVD), also known as metal-organic

vapor phase epitaxy (MOVPE), became the most commonly used technique for the

growth of V/III-semiconductors in industry. It allows for reasonably good growth

rates on various wafers sizes. An industrial type MOCVD reactor can hold up to 95 2

inch wafers and it can handle wafers up to 12 inch in diameter. In combination with

a load-lock system it allows for high throughput and excellent crystalline quality.

Unlike in MBE, in MOCVD gaseous precursors, which are usually organometallic

molecules, such as trimethylindium, trimethylgallium, triethylgallium, trimethylalu-

minum or triethylaluminum are used. Ammonia is often used as a nitrogen precursor.

Ammonia, compared to molecular nitrogen, has a much lower thermal dissociation

temperature, allowing for efficient cracking at significantly reduced growth temper-

ature.

Since these precursors all contain organic compounds, such as carbon and hydrogen

(methyl groups), the incorporation of these non-intentional dopants into the grown

layers needs to carefully controlled. The MO precursors are usually delivered in their

liquid phase, pure or in a solution, in so called bubblers. Nitrogen or hydrogen is

pushed through a submerged tube into the liquid precursor. Depending on pressure

and temperature the gas is saturated with the precursor as it bubbles through the

liquid. The saturated gas above the surface is then delivered through another tube

towards the gas handling cabinet. The saturated gas is then mixed with a carrier

gas flow of nitrogen or hydrogen or a mixture of both and directed to the growth

chamber. To control the amount of metal-organics extracted from the bubbler, it
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is stored in a temperature controlled bath and the carrier gas flow is controlled by

mass-flow controllers.

In MOCVD the metalorganic precursor, as well as the ammonia, are either showered

onto the heated rotating substrate, as schematically depicted in Fig. 3.3 or flown

horizontally over a rotating substrate which are called showerhead or flowchannel

reactor respectively.

Figure 3.3: Schematic depiction of a MOCVD system

For nitride semiconductors the distance between the showerhead and the substrate

or the width of the flowchannel is usually rather small, thus the name close coupled

showerhead reactor is commonly used in this context. Along the substrate surface a

stationary boundary layer forms (see Fig. 3.4), separating the growth surface from

the laminar flowing gas. The precursors diffuse towards the growth surface and are

thermally cracked in the close vicinity of the surface, the pressure is kept in the

range of 5 - 700 mbar, in order to provide laminar flow conditions and to allow the

cracked precursors to reach the growth surface. This is done by a high volume pump

and a throttle valve mounted on the outlet of the reactor. At the growth surface

almost all the metal will stick and begin a random walk across the surface until it

reaches a potential minimum, like a step, or until it gets hit by reactive nitrogen,

becomes immobile, and with this it forms a new nuclei.

In MOCVD the growth rate depends mainly on precursor flow and growth temper-

ature. In III-V-semiconductors the flow of the metal precursor is usually limiting

the growth rate, because the metal has a high sticking coefficient compared to the

nitrogen. The growth usually takes place in group-V rich environment. The growth

rate dependency on temperature can be separated in three regions as depicted in

Fig. 3.5. Once the cracking of precursors sets in, the growth rate increases with

increasing growth temperature for a given material flux. This can be understood as

due to more efficient cracking of the precursors. At some temperature all precursor

molecules are cracked and a constant growth rate is observed, this is called diffusion
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Figure 3.4: Depiction of boundary layer and diffusion in MOCVD. At a) precursors diffuse

down through the boundary layer towards the substrate; b) precursor fragments

are adsorbed at the substrate; chemical reaction takes place and residual methyl

groups shed of; d) desorption of adsorbed but not incorporated species; e) diffu-

sion out of by-products through boundary layer (after H. O. Pierson)[35]

limited growth. In this range the growth rate can be controlled by the precursor flux.

Further increase of the temperature reduces the growth rate because of increasing

desorption of the adsorbed precursors. At some point the rate of desorption will

overtake the rate of adsorption and instead of deposition so called etching sets in.

Nonetheless high growth temperature is desirable because it usually fosters a step

flow like growth mode, leading to improved layer quality. Furthermore it allows

in the case of III-nitrides for lower molar V/III precursor ratios, in other words it

allows for higher supersaturation of the gas phase with group-V elements, reducing

the incorporation of carbon.

Figure 3.5: Growth rate dependency on growth temperature
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As indicated by the red arrow in Fig. 3.5 increased vapor pressure can shift the onset

of the desorption to higher temperatures. In chapter 7 the concept of high-pressure

CVD and the HPCVD system will be introduced. In the case of InN, nitrogen is a

very volatile species. It limits the growth temperature to below 600◦C in common

low-pressure MOCVD systems. The molar flow ratio between group-V and group-III

precursors for the growth of InN in low pressure CVD is very high in the range of

10000 to 150000.

3.3 Plasma-enhanced chemical vapor deposition

In order to allow for better cracking of the precursors, especially of the frequently

used ammonia, at the low temperatures necessary for the growth of InN experiments

were carried out utilizing a plasma source. This in MBE growth well established

technique utilizes alternating-current in the range of radio frequencies (RF) applied

between two electrodes or one electrode and the reaction chamber walls. Alter-

natively in some cases inductive discharges are used to generate the plasma. The

excitation leads to formation of a plasma in the gas phase which greatly enhances

the cracking of the exposed precursors.

Figure 3.6: Schematic of PECVD apparatus after V.K. Agarwal showing a) the inlet for non-

plasma gas (group-V precursor), b) plasma-gas inlet (group-III precursor) c) the

region of plasma generation, and d) photo-assisted transport tube directing the

reactive precursor fragments to the reaction zone [36]
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The high energy in the plasma allows not only for higher cracking efficiency of am-

monia at reduced temperatures, it even allows for the use of molecular nitrogen. In

order to avoid direct contact of the growth surface as well as the group-III precur-

sor to the plasma, the source is usually placed at a remote position (see Fig. 3.6).

While the group-III precursor mixed with inert carrier gas is injected right into the

growth chamber, the group-V precursor runs through the remote plasma source, is

cracked, in its excited state transported to, and injected into the growth chamber.

This allows to grow InN at extremely low temperatures maintaining good crystalline

quality with very low molar flow ratios between group-V and group-III precursors.

Furthermore the molecular nitrogen is available at higher purities than ammonia, it

does not contain hydrogen, and is relatively cheap. The reduction in the amount of

hydrogen in the growth chamber is in at least two ways beneficial for the process,

it reduces the inevitable contamination of the grown films with hydrogen and it

reduces the hydrogen related etching often observed for the growth utilizing high

molar flow ratio between ammonia and group-III precursors. [37, 38]

3.4 Atomic layer deposition

In recent years a lot of effort has been put in the development of Atomic Layer

Deposition (ALD). ALD is a type of growth where the growth surface is exposed

to only one species of the precursors at a time. The precursors are applied in an

alternating sequence with some separation in time between each pulse. The precursor

pulses are embedded into an inert carrier gas stream(see Fig. 3.7).

Figure 3.7: Injection scheme of precursors in ALD after M.A.A. Van Wijck [39]

ALD was first proposed in the early 1960s by S.I. Kol’tsov called molecular layering.

First experimental attempts were carried out by V.B. Aleskovskii. [40] T. Suntola

et al. further developed this technique in the 1970s and showed its potential for

industrial applications and introduced the term atomic layer deposition. [41, 42] In

the late 1990s interest in this technique was reinvigorated now with a pronounced

focus on very thin layers as in quantum well based devices.

The application of one precursor at a time on the one hand avoids any gas phase
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reactions and on the other hand it leads under certain conditions to a self limitation

of the adsorption of precursors. The sticking coefficient of the precursor fragments

changes as the coverage of the surface increases, limiting the amount of ad-atoms

deposited in each cycle. Additionally the adsorbed atoms on the surface have time

to rearrange and find their position in the lattice allowing for better quality of the

grown crystal. Since the ad-atoms have an increased amount of time to move on the

surface to their final position lower temperatures are needed in order to maintain

high crystalline perfection compared to conventional MOCVD and MBE.

This improved crystalline quality at reduced growth temperature comes on the cost

of a significantly reduced growth rate. This makes ALD a competitive technique for

the deposition of thin layers such as quantum wells.

Due to the limitation of the growth temperature in all presented techniques, it is

challenging to introduce high quality InN layers into more common wide band gap

III-nitride materials in order to build devices. Those wide band gap III-nitrides

are grown at temperatures in excess of 800◦C for InGaN with moderate indium

concentrations, 1000◦C for GaN, and 1400◦C for AlN. At those temperatures the

indium-rich material dissociates at low pressures, making it impossible with those

techniques to overgrow InN with high quality wide band gap material. One pathway

to overcome this challenge is to significantly increase the pressure in the growth

chamber in order to stabilize the films surface which will be discussed in chapter 4.
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In this chapter the applied characterization techniques will be presented. The tech-

niques will be presented in two groups, first techniques analyzing the structural

properties will be discussed. In the second part techniques to investigate the optical

and electrical properties will be presented.

In order to analyze the structure of a crystal there are different approaches. Almost

all techniques investigating the inner structure of a crystal in real space, like trans-

mission electron spectroscopy (TEM), need a complicated and destructive prepa-

ration. The samples need to be cut and thinned down in order to be transparent

for the incident electron beam. Furthermore such techniques only display very local

properties from less than a µm2. Instead the periodicity and symmetry of the crys-

tal is often used in order to access structural properties. These techniques can be

used to measure lattice constants and vibrational properties based on the symmetry

of the crystal by analyzing the phonon modes, without complicated preparation,

and in a non-destructive manner. The two major techniques used in this work were

X-ray diffraction (XRD) and Raman spectroscopy.

To investigate the optical and electrical properties different characterizations were

used. Where photoluminescence allows for characterization of occupied states and

thus for applications as light emitters, photoluminescence excitation spectroscopy

probes for empty states and excitation channels in the material as well as for trans-

fer processes. Furthermore optical transmission spectroscopy (OTS) has been ap-

plied to investigate the absorption of the grown films. This can be understood as

another building block to investigate the edge between occupied and empty states.

To correlate the optical and vibrational properties investigated by PL, PLE and

Raman spectroscopy the infrared (IR) reflection of the films has been investigated

by Fourier transformed infrared reflection spectroscopy (FTIR). The IR reflection

shows fingerprints of phonons in the material as well as from the free carriers in

the film. Furthermore the FTIR allows for determination of the film thickness by

simulation of the Fabry-Perot interference fringes.

4.1 X-ray diffraction (XRD)

In XRD electro-magnetic (EM) radiation of wavelength in the range of inter-atomic

distances in crystals is shined onto a crystal. The radiation usually is generated by
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an X-ray tube. In those electrons are accelerated and send onto a metal target. In

this target two different mechanisms generate EM radiation. The first mechanism

is bremsstrahlung, generated when electrons are decelerated or their direction is

changed. This mechanism generates a broad spectrum of EM radiation. The second

mechanism is the excitation of core level electrons. The empty core level will be

filled again with a electron from the outer shells. In order to conserve the energy

from this transition either an Auger electron is emitted from one of the outer shells

or the energy is emitted as characteristic high energetic EM radiation, with narrow

energetic distribution. This radiation (characteristic K lines) is filtered and only

the radiation from one transition (monochromatic) is collimated and shined on the

crystal. Due to the high penetration depth of this X-ray radiation the beam can

penetrate a big volume of the crystal. The photons excite the electrons of the atoms

in the volume to oscillations. The oscillating electrons emit EM radiation with the

phase and wavelength of the exciting incident beam. The process is schematically

depicted in Fig. 4.1.

Figure 4.1: Schematic depiction of XRD showing the incident beam, the reflected beam and

important geometric relations

If the phase shift between two atoms for excitation and emission (b in Fig. 4.1) adds

up to a multiple (n, integer) of the wavelength λ the interference is constructive and

a bright reflex is created.

2 · b = n · λ. (4.1)

In terms of the of the lattice constant dhkl, for the (hkl) lattice plane, and the
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reflection angle Θ the pase shift b can be written as

b = dhkl · sinΘ. (4.2)

Combination of 4.1 and 4.2 will directly lead to Bragg’s law in its scalar expression

n · λ = 2 · d · sinΘ. (4.3)

In a more general way the incident and emitted beam can be written as wave vectors

k and k′ respectively, the face shift can be expressed as reciprocal lattice vector Ghkl.

Now Bragg’s law reads as

k − k′ = Ghkl. (4.4)

The explicit transformation can be found in textbooks.

Figure 4.2: Schematic of XRD scan geometry

The angle of incident with respect to samples normal usually is called ω, and the

angle of detection with respect to the surface Θ, as shown in Fig. 4.2.

The experiments are carried out utilizing a Philips PANalytical MRD X-ray diffrac-

tometer as depicted in Fig. 4.3. In the center of the picture the sample stage is seen.

On th right and left hand side the X-ray tube with monochromator and collimation

assembly and the detector assembly with an open slit and a crystal monochromator

are shown respectively.

The sample can be rotated with respect to the samples normal and can be tilted in

the beams plane and perpendicular to it. The X-ray tube and the detector assembly

can be independently rotated horizontally around the sample stage. Together this

so called Euler cradle allows for observation of most possible Bragg reflexes.

For the analysis of crystalline layers two different modes of operation are commonly

used, on the one hand so called 2θ-ω-scans and on the other hand so called rocking

curve (RC) scans are applied. For 2θ-ω-scans the detector is always rotated double
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Figure 4.3: Picture of Philips MRD X-ray diffractometer

the rate the sample is rotated. For the detection in 2θ-ω-scans a triple-axis configu-

ration is used, which means a crystal monochromator is used to reduce the angle of

acceptance of the detector or in other words to increase the resolution in Θ. This

mode of operation is very sensitive for the lattice constant thus it gives information

on composition and strain in the layers. The width of a reflex is a measure for the

distribution of lattice constants in a layer. The RC-scans are usually done with an

open slit detector allowing a wider angle of acceptance for the reflected beam. The

detector is positioned at the angle of the desired Bragg reflex and only the sample

is rotated. Whereas the 2θ-ω-scan only shows a signal when the Bragg condition

Eq. 4.4 is exactly met, the RC-scan shows the structure of the reflex more clearly.

The rocking curve width and shape is a product of the materials intrinsic width and

broadening through defects. The combination of both scans allows for qualitative

comparison of the effects from point defects and from lattice constant variations.

The two types cover different areas of reciprocal space. In Fig. 4.4 the reciprocal

space map (rsm) for InN on GaN is shown. The Bragg reflexes form a regular

pattern.

The incoming beam is represented by its k[0] vector pointing at the origin of the

rsm, the reflected beam is expressed by its vector k[S]. Both have the length of 1/λ

given by the construction of the reciprocal space. The angle of incident between the

incoming beam and the lattice plane is called ω and the angle of reflection between

the lattice plane and the outgoing beam is called Θ. The difference S of the two

vectors gives now the position in the reciprocal space map, as shown in Eq. 4.4 there
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Figure 4.4: Rciprocal space map of InN on GaN

will be a reflex only if S is identical with Ghkl. A RC-scan depicts the XRD intensity

along an arc around the center of the rsm, where as a 2θ-ω-scan shows the intensity

along a radial path in the rsm. Both measurements can be combined in order to

scan a field of interest in the rsm, it is often called a ’reciprocal map scan’.

A deeper understanding of the dominating broadening mechanism in a film can be

obtained by comparing so called symmetric and asymmetric reflexes. Symmetric

reflexes are, as the name indicates, reflexes along the vertical center line in Fig. 4.4,

for which ω and Θ are identical. Asymmetric reflexes are those of the center line for

which ω and Θ do not match. For symmetric reflexes it is not possible to distinguish

between strain and compositional fluctuations because both lead to a shift in the

same direction. For asymmetric reflexes a change in composition leads to a shift

of the reflex along a radial line due to a change in unit cell size where as strain

will lead to a deformation of the unit cell, extending it in one and compressing in

the other direction, shifting the reflex of the radius. In other words the symmetric

reflexes almost exclusively reflect the c-axis parameter whereas asymmetric reflexes

show components of the in plane lattice constant too. Careful comparison of both

even allows for conclusions regarding the majority type of defects in the Material.

A more complete and in depth description of XRD, the different modes and the

underlaying theory can be found in textbooks like ’Optical Characterizations of

Epitaxial Semiconductor layers’ by G. Bauer and W. Richter.[43]

The main advantages of XRD are the high penetration depth and the multitude of

properties such as lattice constants, material composition and strain which can be
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determined by XRD. One of the weaknesses is the low spatial resolution. The beam

diameter is typically in the range of some millimeters and its projection onto the

sample is even bigger. XRD reflects averaged information from a huge area of the

film. It is a well accepted, fast, and reliable method of characterization for grown

films.

4.2 Raman spectroscopy

Raman spectroscopy utilizes inelastic scattering in crystals. It probes the generation

(Stokes process) and annihilation (Anti-Stokes process) of fundamental excitations

in a crystal. Those can be phonons, plasmons, magnons and other quantized exci-

tations. In this work the generation and annihilation of optical phonons is the only

mechanism analyzed. Phonons are fundamental excitations of lattice vibrations in a

regular, periodic structure. Different types of phonons can be found in crystals with

different atoms or different types of bonds. On the one hand there are acoustical

phonons which can be described as a coherent movement of neighboring atoms in

the lattice. They can appear as longitudinal density fluctuations or as transversal

density fluctuations. Since all types of atoms do a common movement no dipole

moment is generated in the material, thus acoustical phonons do not directly in-

teract with photons, they induce optical density variations which can be measured

by Brillouin scattering. Those will not be observed in measurements of first order

Raman processes. The second type are called optical phonons. Optical phonons are

vibrations where the two different atoms or sub-lattices perform out of phase move-

ments. The movement of the different species against each other generates dipole

moments in the lattice which can couple to an external electro-magnetic field. In

contrast to acoustical phonons the optical phonons do not show a linear dispersion

for small wave-vectors.

For a linear chain of two alternating types of atoms with masses m1 and m2 coupled

with spring constants K the dispersion ω = ω(k) can be written as

ω2
± = K

(
1

m1
+

1

m2

)
±K

√(
1

m1
+

1

m2

)2

− 4sin2(ka/2)

m1m2
. (4.5)

The ’+’-solution leads to optical phonons and the ’-’-solution gives the acoustic

phonon branch as depicted in Fig. 4.5. In all crystals with more than two atoms in

the primitive cell there are 3 acoustic phonons found. There are one longitudinal

and two transversal acoustic modes. The number of optical modes for a primitive

cell with N atoms is given by 3N-3.

To probe such phonon modes in Raman spectroscopy a laser is focused onto the

sample and the scattered light is measured. In the crystal electrons are excited

into a real or virtual state. The excited electron can now exchange energy with the
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Figure 4.5: Phonon dispersion relation for a linear diatomic chain

crystal lattice and generate or annihilate a phonon in the crystal shifting the energy

of the emitted photon.

For these interactions the energy has to be conserved which can be written as

~ωi = ~ωs ± ~ω0, (4.6)

with ~ωi being the energy of the incident light, ~ωs the energy of the scattered light

and ~ω0 the energy of the elementary excitation observed. Additionally in a crystals,

due to translation symmetry, the momentum or wave vector has to be conserved too:

kkki = kkks ± kkk0, (4.7)

with kkki and kkks being the wave vectors of the incident and the scattered light. kkk0

being the wave vector of the phonon generated or annihilated. In a crystal the wave

vector of the photons is not given by the vacuum wavelength but by

|kkki,s| =
2π

λvac,i,s
Re{

√
ε(ω)}, (4.8)

where ε(ω) is the frequency dependent, complex dielectric constant of the medium.

If the medium shows absorption in the spectral range, Eq. 4.7 is not exact any more.

The wave vector can be described by a Lorentzian peak centered around kkk with the

full width at half maximum ∆k of

∆k =
2π

λvac
Im{

√
ε(ω)} =

1

ξ
. (4.9)

ξ describes the penetration depth of the light into the medium.

Since the probed phonon energies are of about 0.1 eV and the probing light has more

than one order of magnitude higher energy (2.3 eV, in case of 532 nm laser line)

the wave vectors of incident and scattered light for the first order Raman effect are
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approximately kkki ≈ −kkks and the norm of the phonon’s wave vector is given through

combination of Eq. 4.7 and 4.8 by

|kkk| = 4π

λ− vac
Re{

√
ε(ω)} =

4π

λvac
n. (4.10)

The norm of kkk is in the range of 106 cm−1 and small, compared to the biggest

wave vectors of excitations within the Brillouin zone, which are of the order of

π/a ≈ 108cm−1. Thus in first order Raman spectroscopy only phonons in the center

of the Brillouin zone (kkk ≈ 0) will be probed. Broken crystal symmetry due to defects

or disorder in the lattice allows for excitation of phonons with kkk 6= 0. Furthermore

higher order Raman effect including more than one phonon allow for observation of

such phonons but are usually weak in intensity and will not be considered in this

work.

The Raman effect can be theoretically described in two different formalisms. There

is a phenomenological description and a quantum mechanical model. The advantage

of the latter is the ability to predict intensities. For this work the phenomenological

description is sufficient and is used. The incoming light is described by the electrical

field EEE(kikiki, ωi). The light induced a polarization field PPP (ksksks, ωs)

PPP (kkks, ωs) = ε0χ̃(kkks, ωi, ωs)EEE(kkki, ωi). (4.11)

If the susceptibility χ̃ is constant PPP will oscillate with the frequency of the incoming

light. This describes the Rayleigh scattering. Is χ̃ not constant but shows varia-

tions in space and time due to electrical or vibrionic excitations inelastic scattering

appears. This modulation can be described by a plane wave

uj = uj0 exp [i(kkks · rrr − ωjt)]. (4.12)

Eq. 4.12 can be expressed in a Taylor approximation [44,45] as

χ̃ = χ̃0 +
∑
j

χ̃j
0uj +

1

2

∑
j,j′

χ̃j,j′

0 ujuj,j′ + ..., (4.13)

where the index 0 indicates that the coefficients in the approximation χ̃0, χ̃
j
0 =

∂χ̃/∂uj |0,... are calculated in equilibrium for small deflections. The first term in 4.13

describes the Rayleigh contribution, the second term reflects the 1st order Raman

scattering and the third term reflects second order Raman scattering, involving two

phonons.

χ̃ is a tensor of second order correlating the induced polarization in the crystal with

the polarization of the incident light. The tensor can be derived from the symmetry

of the crystal and the coordinates of the phonons. It allows for the determination of

the selection rules for the first order Raman effect. In order to produce a first order



30 4. Characterization techniques

Raman signal the direction eeei of the incoming polarization and the polarization of

the scattered light eees must comply with

eees · ∂χ̃/∂uj · eeei 6= 0. (4.14)

χ̃ is generally not a symmetric tensor but in the case of ωi ≈ ωs as for phonons it

can be transformed into a symmetric tensor. The individual components of ∂χ̃/∂uj

can be extracted for phonons in the vicinity of the Γ-point with kkk ≈ 0 by group

theory from the symmetry of the crystal.[46–48] The components of χ̃ must be of

the type x2, y2, z2, xy, yz, or zx to have derivatives different from 0.

In polar semiconductors the polar optical modes split into longitudinal optical (LO)

and transverse optical (TO) modes. The intrinsic electrical field couples to the

lattice vibrations and leads to different vibration frequencies for oscillations along

and across the electrical field vector. Due to this interaction the LO modes are

as well influenced by the free carrier concentration in polar semiconductors. With

increasing carrier concentration in the material the plasma frequency shifts to higher

energies. The plasmons in the material are coupling efficiently with the LO phonons

in the material. So called longitudinal-optical phonon plasmon modes form.They

can be described by after [49,50]

d2S

dΩdωs
=

16π~
V 2
0

ωs4

c4
ns
ni

(
dχ̃

dE

)
[n(ω0) + 1]A(ω)Im

(
− 1

ε(ω)

)
. (4.15)

The interference term A(ω) can be found in [50,51] and T. Kozawa et al.[51] showed

the Raman cross section arising from deformation potentials, as well as the electro-

optical effect to be much larger than from the fluctuation of carrier density. The

dielectric function ε(ω) is composed from the high frequency dielectric constant, two

Lorentz oscillators for the phonon contribution and a term reflecting the classical

Drude model to contribute for the free carriers. It can be written as

ε(ω) = ε(∞)

(
1 +

ω2
LO − ω2

TO

ω2
TO − ω2 − iωγ

−
ω2
P

ω(ω + iΓ)

)
, (4.16)

with γ being the broadening parameter of Lorentzian optical phonon oscillators and

Γ being the damping constant of plasma oscillations. The frequency of the plasmons

ωP in the electron gas can be expressed as

ωP =

√
4πne2

ε(∞)m∗e
, (4.17)

with m∗e being the effective electron mass. Neglecting the damping of the plasma

and the phonons the frequency of the coupled mode can be expressed by

(
ω±LPP

)2
=

1

2
{ω2

LO + ω2
P ±

[
(ω2

LO + ω2
P )2 − 4ω2

Pω
2
TO

]1/2} (4.18)
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Two coupled phonon-plasmon modes can form. The LPP− mode behaves for low

carrier concentrations plasmonic and is shifting towards the phonon mode position

with increasing carrier concentration. Since the LO-TO-splitting vanishes for high

carrier concentrations due to screening of the internal field, it is shifting towards

the A1(TO) position. The LPP+ mode in contrast is showing a plasmonic behavior

for high carrier concentrations and approaches for low free carrier concentrations

the position of the A1(LO) phonon mode. The LPP-modes both follow the Raman

selection rules for the A1(LO) mode.

If the energy of the exciting laser does not match an energy level in the material,

like in the band gap of a crystal, the state is called virtual. If there is a matching

energy level in the material the process shows a strong resonance and the scattering

is enhanced. In Fig. 4.6 Raman spectra obtained on GaN under not resonant and

resonant excitation are depicted. In the case of resonant excitation the A1(LO)

Raman mode at 736 cm−1 experiences a strong enhancement. The usually very

weakly observed 2 LO and even the 3 LO Raman peaks can be observed clearly in

this configuration.

Figure 4.6: Raman spectra of GaN under not resonant (top) and resonant (bottom) excita-

tion, from A. Kaschner.[52]

In InN this can be seen especially in sample of not as good crystalline quality. In

those enhancement and broadening of the A1(LO) compared to the E2(high) mode

is observed frequently. This can be understood due to the formation of defect related
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states with an energetic position, with respect to the VBM, matching the photon

energy of the exciting laser beam at the Γ-point.

At the same time if there is a real state a second effect can be observed, in addition

to the scattering effect: the sample can show luminescence. The luminescence can as

well exhibit phonon induced side bands, which show the same energetic differences

from the zero-phonon line of the luminescence as the Raman signal. In the case

of resonant excitation the spectral position of the Raman signal is identical with

the phonon sidebands from the luminescence. It is possible to distinguish between

the two mechanisms by their different recombination dynamics. The luminescence

shows a much longer decay time compared to the Raman effect. A more detailed

analysis of the differences can be found in the PhD thesis’ of M. R. Wagner[53] and

S. Werner.[54]

The majority of the light is scattered in the elastic scattering process called Rayleigh

scattering. Due to the much smaller cross section for the Raman process of about

10−4 to 10−5 compared to the Rayleigh scattering only about 10−7 to 10−8 of the

detected photons are shifted in energy due to the Raman process.

For the HPCVD grown samples the experiments were carried out in backscattering

geometry with a custom build setup utilizing a McPherson 275 DS double monochro-

mator, to suppress the Rayleigh scattered light, and a McPherson 2062 monochro-

mator as dispersive element, similar to a McPherson Triple LE setup. The spectra

were collected in micro configuration using a 20x lens and a nitrogen cooled Roper

Scientific CCD system. Selected HPCVD samples and all other samples especially

the data presented in chapter 6.3 were measured in backscattering geometry using

a Horiba Labram BX41 also with a 100x lens in micro configuration. Both systems

use a diode pumped solid state laser diode with 532 nm wavelength as excitation

source.

4.3 Photoluminescece spectroscopy (PL)

Photoluminescence spectroscopy usually uses photons with an energy higher than the

probed transitions, often the band gap of a material. The photons excite electrons

from a lower energetic state into a higher state, often from the valence band into

the conduction band of a semiconductor. A pair of an electron, in an excited state,

and a hole, left in the valence band is created. If the excitation is not resonant with

the probed transition, the electron and hole will relax through emission of phonons

and/or low energetic photons towards the band edge. The carriers stay there for

a characteristic life time and recombine afterwards by emission of a photon with

a characteristic energy. Due to the opposite charge of the hole and electron they

can form so called excitons. The exciton has a reduced transition energy compared

to the band gap due to the Coulomb interaction. The exciton can be treated with
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similar formalism as the hydrogen atom, it can show excited states. The transition

energy of an exciton can be written as

EX(nB, ~K) = EGap −R∗ ·
1

n2B
+

~2 ~K2

2M
. (4.19)

EGap represents the band gap of the semiconductor, nB is the principal quantum

number of the artificial molecule, ~K describes the vector of propagation of the ex-

citon, M is the combined mass of the exciton, and R∗ is the effective Rydberg

constant.

Depending on the dielectric function and the effective mass of holes and electrons two

different types of excitons are possible. The first type is the Frenkel exciton where

the lateral size of the exciton is in the range or smaller than the size of the unit cell

of the crystal. The binding energy of such excitons is rather high, in the range of

tens of meV. The other type is the Wannier-Mott exciton where the dimension of

the exciton is bigger than the unit cell of the crystal. The binding energy of this

type is small, typically less than 10 meV. The two different types of excitons and

the energetic position of the exciton states in the band diagram is depicted in Fig.

4.7.

Figure 4.7: Schematic depiction of Frenkel and Wannier-Mott excitons and their excited

states.

Since the dielectric function and the effective mass depend on the geometry in the

crystal they are different for the different directions in the lattice. Different excitons

can be observed in one material. The excitons tend to localize at potential minima

at the site of dopant atoms or structural defects in order to further minimize their

energy.

In addition to so called band-band transitions, directly from the conduction into the

valence band and excitonic recombinations electrons and holes can as well become

localized in donor and acceptor states or at structural defects. In this case the
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carriers can recombine from either one into the opposing band or a so called donor-

acceptor-pair (DAP) transition can be observed, where the bound electron and hole

recombine directly. The variety of possible transitions is schematically shown in Fig.

4.8.

Figure 4.8: Possible recombination channels for electrons and holes in semiconductor mate-

rials.

Since the carriers all relax to the state with the lowest energy available band-band

transitions (BB) are usually not observed at moderate excitation densities. Free

exciton transitions (FX) are only observed in crystals of very high quality and with

very low residual doping concentrations, because otherwise the faster (non-radiative)

trapping and capture processes to impurities and defects or bound exciton transitions

will reduce the occupation of free exciton states before their recombination. In

crystals with moderate doping concentrations band-acceptor transitions (e,A) from

the conduction band into an empty acceptor state, donor-band transitions (D,h)

from a donor state into the valence band, and donor-acceptor-pair transitions (DA

or DAP) from a donor into an empty acceptor state can be observed, depending on

the dopant. The index 0 for the acceptor and donor states indicates the charge state

of the dopant to be neutral, the dopant atom is electrically neutral due to a trapped

charge. If the Fermi level in the material is shifted through high excitation or high

doping additional transitions from charged dopant states can be observed, too.

With increased doping levels as well as in crystals of lower structural quality, an

increasing amount of carriers will recombine through non-radiative defect recom-

bination. Usually the recombination at deeper localized states such as defects is
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very fast, except for effective mass like centers, where an increased recombination

time is observed. This is due to the strong localization which leads to a bigger

overlap of the hole and electron wave functions, increasing the oscillator strength

and reducing the decay time. Generally the radiative recombination is competing

with the non-radiative recombination processes. This can be observed by means

of temperature dependent measurements. At low temperatures the carriers have a

very low mobility, most of the charges will recombine emitting light before reach-

ing a non-radiative recombination center. With increasing temperature the carriers

gain higher mobility and more charges reach defect sites reducing the luminescence.

Temperature dependent PL measurements allow for qualitative comparison of defect

densities between samples. Furthermore they allow for determination of the exciton

binding energies. As the temperature increases, the thermal energy, to which the

excitons are exposed, increases. If the thermal energy becomes bigger than the exci-

ton binding energy, the excitons decay and are no longer observed in PL. Knowing

the exciton binding energy and their spectral position allows for determination of

the fundamental band gap of a semiconductor material. One needs to keep in mind

that the observed luminescence might be shifted by strain in the film. Reduction

of the volume of the unit cell (compressive strain) leads to an increased transition

energy and tensile strain reduces the transition energy.

Variation of the excitation density allows for observation of muti-particle effects,

such as excitonic complexes like biexcitons or trions and for high excitation density

electron-hole-plasma. With increased excitation density more holes and electrons

are generated, more excitons are formed and the interaction between excitons and

other carriers can no longer be neglected. In such conditions excitons can form

molecule like complexes assembling two holes and two electrons. Such biexcitons

can be observed as so called M-band in high excitation density, low temperature

PL. Due to their additional Coulomb interaction the transition energy is usually

slightly lower than those of the exciton. For increasing temperature a broadening

of the luminescence is observed due to scattering between excitons and excitons as

well as excitons and electrons, a P-band occurs. It is possible to differentiate the

different processes by their dependency on excitation power and temperature. A

more extensive presentation of those processes can be found in the PhD thesis of J.

Holst[55] and L. Eckey.[56]

The presented PL measurements are taken utilizing three different setups. The first

setup is equipped with a Ar-ion Laser at 488 nm with an output-power of 1.5 W

and alternatively with a dual line HeCd-laser with 100 mW combined output (10

mW @ 325 nm / 90 mW @ 441 nm). To avoid plasma lines an interference filter is

used. For the detection a InGaAs detector sensitive up to a wavelength of 2.3 µm

is used. As dispersive element a 1 m , nitrogen purged monochromator with a blaze
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angle of 1.6 µm is used. The resulting resolution is better than 0.1 nm. To improve

the signal to noise ratio the laser is chopped and a lock-in amplifier is used. The

laser is focused using a 50 mm bi-convex lens. The emission was collected using a

90 mm lens, and a 300 mm lens is utilized to transform the aperture of the beam to

the one of the spectrometer. The temperature dependent measurements are taken

using a Oxford Instruments micro-cryostat. The polarized and power dependent

measurements are acquired using a custom build liquid helium bath cryostat with

the sample submerged in super fluid helium.

The second setup utilizes a Nd:YAG pumped, pulsed titan sapphire laser with a

repetition rate of 80 MHz and 1.3 W output power tunable from 740 to 820 nm.

The pulse duration of the laser pulses is 1.5 ps. The spectra are recorded using a

subtractive setup with two identical 30 cm McPherson spectrometers. The gratings

is blazed for 1.2 µm. For the detection the same InGaAs detector as in the first

setup, again equipped with a lock-in amplifier, is utilized. The excitation is applied

through a custom build micro optic, equipped with a retractable, digital imaging

camera, sensitive for visible and near IR spectral range. Either a 50x IR lens, or a

high performance 10 mm plano-convex lens with a spot size of about 2 µm is used.

The third setup was used for measuring the PL of the GaN samples and is equipped

with a pulsed 4th harmonic Nd:YAG laser (266 nm) as excitation source. The

repition rate is 76 MHz and the pulse duration is 60ps. The sample is mounted in

Oxford Instruments micro-cryostat flowing helium from a liquid helium tank and the

temperature can be adjusted between 7 K and 300 K. For focusing the excitation as

well as for collection of the light a 50x micro lens is used. For the detection a 75 cm

single stage SPEX monochromator equipped with a Roper Scientific CCD has been

utilized.

4.4 Photoluminescence excitation spectroscopy (PLE)

Whereas photoluminescence probes the occupied states in a semiconductor through

observation of the recombination, photoluminescence excitation spectroscopy pro-

vides information on the empty states by reflecting the excitation channels for a

certain luminescence process. In order to measure those excitation channels the lu-

minescence from a semiconductor is measured at a certain energy and the photon

energy of the excitation is scanned. The intensity of the measured PL will now

change depending on the absorption, the density of states, and the ability to trans-

fer excited carriers to the initial state of the observed luminescence, it reflects the

ability to pump the probed transition.

For the presented PLE measurements a tungsten lamp is used as excitation source.

The light of the lamp is filtered by a two stage monochromator system with 250

mm focal length each. After spectral filtering, the light is focused onto the sample,
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Figure 4.9: Schamtic depiction of the used PLE setup.

which is mounted in a variable temperature, liquid helium cooled cryostat. The

sample is usually mounted under 45◦ with respect to the excitation as well as the

detection. The detection and the excitation beams form a 90◦ angle. The excitation

beam coming out of the monochromator system is collimated by a 200 mm lens

and focused onto the sample with a 50 mm biconvex lens. The Luminescence is

collected with a 50 mm biconvex lens and focused by another lens onto the entrance

slit of a two stage monochromator system with 300 mm focal length each. The light

is detected by the same InGaAs diode as in the prior described PL setup, having

a cut-off wavelength of 2.3 µm. To improve the signal-to-noise ratio a chopper is

mounted after the excitation monochromator system and a lock-in amplifier is used

for the detection. The PLE setup is schematically depicted in Fig. 4.9.

4.5 Optical transmission spectroscopy

The transmission is measured using polychromatic incident light from a halogen

lamp. The light is focused onto the sample by one lens and the transmitted light is

collimated and the aperture is transformed again by two lenses to fit the aperture

of a single stage monochromator with a focal length of 240 mm. For the detection a

Hamamatsu R928-21 photomultiplier was used for the visible spectral range and a a
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EMM InGaAs photodiode was used for the IR spectral range. To improve the signal-

to-noise ratio a chopper is mounted at the light source and the signal is measured

using a lock-in amplifier.

The setup for optical transmission measurements is schematically depicted in Fig.

4.10.

Figure 4.10: Schamtic depiction of the used PLE setup.

To account for the properties of the sapphire substrate or GaN/sapphire template,

a reference measurements of each substrate is taken first. In the next step the

transmission of the deposited layer has been measured. Afterwards the transmission

of the deposited film can be extracted by dividing the reference spectra by the sample

spectra. From the relative transmittance, assuming the loss due to scattering is low,

the loss due to absorption and reflection can be calculated using

1 = T +R+A, (4.20)

with the transmission T, the reflection R and the absorption A. Assuming the over all

reflection did not change a lot between the reference and the sample measurement,

the absorption can be approximated by A = 1-T. In order to account for the parabolic

shape of the bands usually the squared absorption is plotted, allowing for a linear

interpolation of the absorption edge. The measured absorption edge is used to

determine the band gap of a semiconductor. This approach needs to be carefully

reviewed for highly doped, or in other words, degenerated semiconductors. Here the

increasing occupation of the conduction band minimum (CBM) and valence band

maximum (VBM) leads to so called band filling. This effect is often referred to as

Burstein-Moss shift. The measured absorption edge might be significantly higher in

energy than the band gap of the semiconductor.
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4.6 Fourier transformed infrared reflection spectroscopy

(FTIR)

In order to access some of the electronic properties of deposited thin films infrared

reflection spectroscopy can be utilized. From IR Reflectance spectra, lattice vibra-

tion modes / phonon modes of the semiconductors, free carrier concentration, carrier

mobility, the dielectric function, and the thickness of a layers can obtain. Infrared

light is being shined onto the semiconductor surface in near normal incidence (8◦)

and the reflection is measured utilizing a Fourier spectrometer.

The measured spectra from a semiconductor layer can be simulated utilizing a model

dielectric function in order to access the properties of the investigated layer. The

model dielectric function is composed from the high frequency dielectric constant,

term derived from the classical Drude model, to account for the free carriers, and two

Lorentzian oscillators for the phonons’ contribution. The model dielectric function is

already given in Eq. 4.16 in chapter 4.2. The carrier concentration can be calculated

from Eq. 4.17 by

n =
ω2
p ·m∗e · ε∞ · ε0

e2
, (4.21)

where ωp is the plasma frequency, m∗e the effective electron mass, ε∞ the high fre-

quency dielectric constant, ε0 the vacuum dielectric constant, and e the elementary

charge. The mobility can be calculated from the plasma damping Γ by

µ =
e

m∗e · Γ
, (4.22)

where e is the elementary charge, m∗e the effective electron mass, and Γ the plasma

damping constant.

Since the layers are usually transparent, for the infrared light, it is necessary to

not only account for the top layer but also for the underlying material too. This

can be done by a multilayer stack model accounting for all subsequent layers. To

establish the parameters for the used substrate, the substrate has been measured as

reference and the simulation has been performed for it. Afterwards the results from

the reference were used as input parameters for the simulation of the reflection of

the grown sample. Details on the simulation and the multilayer stack can be found

in.[57,58]

The measurements were performed utilizing a Perkin-Elmer FTIR spectrophotome-

ter, with a MCT (HgCdTe) detector and KBr beam splitter. To determine the

reflectivity of the sample, the system is calibrated using a gold mirror.



5 Structural properties of wurtzite

structured III-nitrides

The III-nitrides can be found in two different stable phases, a cubic phase and a

hexagonal wurtzite phase. The wurtzite phase is thermodynamically more stable.

It is possible to synthesize both phases depending on the substrates crystalline struc-

ture and the applied growth conditions. The cubic phase shows a strong tendency

to form hexagonal inclusions. Even though the cubic phase has some advantages

for particular applications to my knowledge no commercial applications are avail-

able, likely due to a lack of material quality. Therefor in the work at hand only the

hexagonal phase is investigated.

III-nitride semiconductors in their hexagonal phase with a wurtzite structure, mem-

bers of the space group C4
6V (P63mc), are investigated. Those have 4 atoms in the

primitive cell. The lattice can be seen as a superposition of two body centered cubic

sub lattices shifted against each other in one axis, defining the c-axis of the hexag-

onal crystal. The strong ionic type of the bonds form strong electric fields along

this c-axis, leading to strong anisotropic effects. This includes structural, electrical,

and optical properties which especially along the c-axis are different. The lattice is

schematically depicted in Fig. 5.1.

Figure 5.1: Schematic structure of hexagonal III-nitride unit cell.[59]

The strain-free lattice constants of InN, GaN, and AlN are a0 = 3.5377Å and

c0 = 5.7037Å[60], a0 = 3.1891Å and c0 = 5.1855Å[61], and a0 = 3.112Å and

c0 = 4.982Å[62] respectively. For heteroepitaxial growth along the (0001) of InN on
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GaN this leads to a lattice mismatch of 10.9%, inducing biaxial strain and defects,

reducing this strain. Such biaxial, in-plane strain leads to deformation of the unit

cell, which in turn leads to variations in the c-lattice constant. InN grown on GaN

is compressively strained, leading to a reduced a- and increased c-lattice parameter.

5.1 Hexagonal C6v symmetry

n = 4 atoms in the primitive cell lead to 3n = 12 phonon modes, 9 optical modes

and the 3 acoustical modes. Group theory allows, by analyzing factor groups, for

derivation of the phonon modes in the crystal. In Koster’s notation there are two

modes of Γ1 symmetry, called A1 modes, two modes of Γ3 symmetry, called B1

modes, two modes of Γ5 symmetry, called E1 modes and two modes of Γ6 symmetry,

called E2 modes. The E1 and E2 are degenerated twice. Altogether we get 12 modes.

One set of the E1 and one of the A1 modes are only translations for k = 0, making

them acoustical modes, the leftover 9 modes are optical phonons. Not all of these

modes can be observed in Raman spectroscopy. Only the A1,E1 and E2 modes are

observed in Raman spectroscopy. The other modes are called silent modes. The

exhibited phonon modes are schematically depicted in Fig. 5.2, after R. Kirste.[63].

Figure 5.2: Depiction of atomic displacement for the phonon modes in wurtzite crystals,

after R. Kirste.[63]

As mentioned in chapter 4.2, there are polar modes. This modes create a polar-

ization, that does not spatially average to zero, but adds up along the unit cells

of the crystal. In the wurtzite structure the E1 and A1 are polar modes. The

induced electric field leads to a splitting of the E1 and A1 modes into so called

longitudinal optical (LO) and transversal optical (TO) modes. For the LO mode

the displacement vector of the atoms is parallel to the propagation of the phonon,

and they are perpendicular with respect to each other for the TO modes. The LO
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modes show a higher frequency compared to the TO modes, because the induced

electric field is aligned with the displacement, leading to an increased restoring force

against the oscillation of the ions. For the TO modes the propagation induced field

is perpendicular to the oscillations, leaving the phonon frequency unchanged. This

splitting is not found through group theory, because the group theory only reflects

the eigenmodes of non propagating vibrations at the Γ point.

The Lyddane-Sachs-Teller relation expresses the splitting in terms of the vacuum

and the high frequency dielectric constant by(
ωLO

ωTO

)2

=
ε0
ε∞

(5.1)

In order to describe the allowed modes in an experiment. The derivative of the

second rank susceptebility tensor ∂χ̃/∂uj from eq. 4.14 can be substituted by the

third rank Raman tensor R̃.[64]. Now the scattered intensity Is can be written as

Is = eees · R̃ · eeei. (5.2)

As mentioned in chapter 4.2 the Raman selection rules can be determined by an-

alyzing the crystal symmetry, namely the Kronecker product of the interaction, or

in other words, the scattering geometry Γi, given by polarization vectors of the in-

coming and outgoing waves, with the irreducible representation Γ∗s of the crystal

symmetry. This can be written as

Γp ∈ Γ∗s ⊗ Γi. (5.3)

Applying this method and transforming the included symmetries in a perpendicu-

lar coordinate system x, y, z, where z is identical with the principal c-axis of the

hexagonal crystal, leads to the following Raman tensors for the phonons in wurtzite

nitrides:

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



E
(1)
2 =

d 0 0

0 −d 0

0 0 0

 , E
(2)
2 =

0 d 0

d 0 0

0 0 0

 . (5.4)

The used geometry in experiments is often described in Porto notation z(xy)z, where

the first index gives the direction of incident light, the middle indexes describe the

polarization of incident and detected light, and the last index describes the direction

of the detected light. With this tensors the following table of Raman modes can be

build:
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Table 5.1: Raman active (A) and IR activ phonon modes at the zone center in hexagonal

III-nitrides in different scattering geometries. The geometries are described in

Porto notation.

Mode z(xx)z̄ z(xy)z̄ x(yy)x̄ x(zz)x̄ x(yz)x̄ x(zy)y IR

z(yy)z̄ y(xx)ȳ y(zz)ȳ

A1 TO - - A A - - ‖c
A1 LO A - - - - - -

E1 TO - - - - A A ⊥c

E1 LO - - - - - A -

Elow
2 A A A - - - -

Ehigh
2 A A A - - - -

The ’A’ indicates if a mode is active in Raman spectroscopy in the specified geometry,

in the last column it is marked if and for which polarization the mode can be observed

in IR reflection or transmission experiments.

5.2 Phononmodes in InN, GaN and InGaN

Figure 5.3: Selection rules in AlN, GaN, and InN for backscattering geometries. After R.

Kirste.[63]

The prior described selection rules for the Raman active phonon modes in the III-

nitride system have all been experimentally found and in Fig5.3 spectra for all
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possible back scattering geometries are depicted (after R. Kirste).[63]

Interestingly the E1(LO) mode can be observed even though it is from group symme-

try not allowed. It is seen for all three nitrides in only one geometry and even in crys-

tals of highest quality, which leads Kirste[63] to conclude it is not induced through

defects, braking the symmetry, or due to constrains of the apparatus. Siegle[65]

as well as Kirste argue that the mode is activated through the Fröhlich interac-

tion. A detailed description of the Fröhlich interaction can be found in Ref[64].

The general idea is that a microscopic displacement leads to a deformation poten-

tial. This potential allows for coupling of the optical phonon with electrons. Such

electron-longitudinal-optical-phonon interaction is then called Fröhlich interaction.

Such Fröhlich interaction could allow for occurrence of the E1(LO) mode.

The unstrained positions of the Raman modes in the three main binary III-nitrides,

on average found in literature, and values found by R. Kirste on high quality mate-

rial, are listed in table 5.2.[63] They were used to identify the Raman modes found

in the samples investigated within this work.

Table 5.2: Experimentally found Raman shifts and average values from literature in cm−1

for the Raman modes in the three main binary III-nitride semiconductors. After

R. Kirste.[63].

Mode GaN AlN InN

lit. exp. lit. exp. lit. exp.

Elow
2 143.6 142.7 248.0 245.6 89.0 86.7

A1 TO 532.1 530.6 610.1 609.7 443.2 446.9

E1 TO 559.2 557.9 669.3 669.1 474.3 475.6

Ehigh
2 567.9 567.2 655.6 655.9 491.0 492.1

A1 LO 733.6 733.8 890.8 886.8 589.1 584.2

E1 LO 742.0 740.1 911.9 912.1 589.3 594.9
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high free carrier concentration

InN regularly exhibits a high n-type conductivity up to the point where the Fermi

level shifts into the conduction band. In this case the material behaves like a de-

generated semiconductor. In order to better understand the effects related to such

degenerated state, in this chapter the effect of high n-type doping on the structural

and optical properties will be presented. As a model system for such high n-type

free carrier concentration in III-nitrides GaN doped with high levels of silicon and

germanium are investigated.

To measure the local carrier concentration micro Raman spectroscopy is used. Ad-

ditionally the free carrier concentration has been measured macroscopically by Hall

effect measurements. The structural quality and strain can be seen in XRD 2θ-ω-

scans as well as in the E2(high) modes shift and broadening in Raman spectroscopy.

Finally photoluminescence measurements are presented in order to investigate the

band filling and compensation in the films.

In industries for n-type doping of GaN silicon is commonly used. But it is known

that high silicon doping levels introduce high levels of strain in the film, leading

formation of defects, to compensation effects, as well as to a strong deterioration of

the crystalline quality. Thus there is a high demand for alternative n-type dopants

for the growth of devices, such as Solar cells and Schottky diodes, utilizing very high

doping levels.

Two sets of samples have been grown at the Otto-von-Guericke-Universität in Magde-

burg in the Group of Prof. A. Krost. In order to allow for comparison, samples with

similar free carrier concentration were grown using either silicon or germanium as

dopant. While for the silicon doping it was not possible to achieve carrier concen-

tration beyond 6 · 1019 cm−3, with germanium it was possible to reach free carrier

concentration of up to 1.9 · 1020 cm−3. The X-ray diffraction measurements as well

as the Hall effect measurements were performed in the group of Prof. Krost. More

details regarding the growth can be found in the according publication by S. Fritze

et al.[66]

After defending this thesis new Hall measurements became available suggesting a

slightly lower free carrier concentration. The newer data suggest a free carrier con-

centration ranging from 1.2·1018 cm−3 to 2.2·1019 cm−3 in the silicon doped samples
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and 2 · 1018 cm−3 to 5.1 · 1020 cm−3 for the germanium doped samples. In the fol-

lowing only 6.8 been changed in all other figures the original labeling has been kept.

In the end of this chapter both new and old values are given in Tab. 6.1.

6.1 Structural properties of highly doped GaN

The two sets of doped GaN showed in Hall effect measurements free carrier concen-

trations between 3.9·1018 cm−3 to 6·1019 cm−3 and 3·1018 cm−3 to 1.9·1020 cm−3 for

the silicon and germanium doped samples, respectively. The sample were deposited

on Sapphire utilizing an AlN nucleation layer followed by a 1.3 µm un-doped GaN

buffer, followed by 0.7 µm of doped GaN. For the Ge doping (mono-)germane has

been used as Ge precursor.

Figure 6.1: XRD 2θ-ω-scans of GaN layers doped with different concentrations (increasing

from bottom to top) of silicon (left) and germanium (right). The double peak

structure in the Si doped samples is due to the different strain state in the buffer

and the doped film. Note the significantly higher doping level for the highest Ge

doped sample compared to the Si one.[66]

In Fig. 6.1 the XRD 2θ-ω-scans are depicted. On the left hand side the silicon

doped samples are shown. The free carrier concentration measured by Hall effect

are given for each sample. On the right hand side the germanium doped samples

are shown in the same manner. The Si doped films show an increasing tensile strain

with increasing carrier concentration up to 1.9 · 1019 cm−3. The strain can be seen
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by the occurrence of a second peak on the high angle side of the buffer related Bragg

reflex at 34.54◦. For the highest doped sample the strain as well as the intensity of

the doped layer’s Bragg reflex decreases significantly. In comparison the Ge doped

samples show over the whole doping range one single XRD peak containing signal

from the buffer as well as the doped layer. Please note the more than twice as high

free carrier concentration for the highest Ge doped film with respect to the Si doped

film.

The reduced XRD intensity of the doped layer as well as the decreased strain in the

highest Si doped sample can be understood considering the morphological structure

of the film. In Fig. 6.2 Nomarski microscope images of the films with 6 · 1019 cm−3

free carrier concentration. On the Si doped film a very rough surface is seen in image

(a), where the Ge doped film (b) shows a smooth surface.

Figure 6.2: Nomarski microscope image of the surface of (a)Si and (b)Ge doped GaN with

6 · 1019 cm−3 free carrier concentration.

The increased density of defects and the island like surface structure of the Si doped

samples explains the reduced intensity of the found XRD Bragg reflex as well as the

reduced strain for the doped layer. To further investigate the local crystalline quality

and strain micro Raman spectroscopy is applied. As seen in the Nomarski image in

Fig. 6.2 the structure of the silicon doped sample with 6 · 1019 cm−3 free carriers is

already unacceptable for further application in devices, it was not possible to grow a

sample with higher free carrier concentration using Si doping, germanium in contrast

allowed for doping up to a carrier concentration of 2 · 1020 cm−3 maintaining good

crystalline quality and a smooth surface.

In Fig. 6.3 the E2(high) Raman modes of the silicon and germanium doped samples

are depicted. In both plots, on the bottom, Raman spectra of an un-doped reference

sample are shown. The free carrier concentrations, in units of cm−3, determined by

Hall effect measurements are given on the right hand side of each plot. The carrier

concentration increases from bottom to top. In the silicon doped films the strain is
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(a) Si doped GaN (b) Ge doped GaN

Figure 6.3: Dependency of shape and position of E2(high) Raman modes in doped GaN

films. The free carrier concentration measured by Hall effect measurements

are given on the right in cm−3. There spectra from two spots on each sample

shown.[66]

seen through the shift of the doped layer related E2(high) Raman mode to lower

wavenumbers, indicating tensile strain. For low doping levels with a free carrier

concentration of 3.9 ·1018 cm−3 the peaks originating from the buffer and the doped

layer can not be separated, the shift of the doped layers Raman mode just occurs

as broadening of the measured peak. At this carrier concentration the sample is

still homogeneous. With increased doping level, according to 1.8 · 1019 cm−3 free

carrier concentration, a distinct shoulder appears reflecting the increased strain in

the doped layer. The different measured spots on each sample start showing devia-

tions in intensity as well as their strain state, indicating increased inhomogeneity in

the incorporation of silicon and increased formation of defects reducing the Raman

intensity. For the highest doped film one of two depicted spots shows basically the

E2(high) mode from the buffer layer, and no shifted mode from the doped film is

observed, whereas to other spot shows again a highly broadened and slightly shifted

E2(high) mode. The peaks from the buffer and the doped film can not be resolved

independently. This results are in good agreement with the strain and quality seen

in the XRD measurements.
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Beside the E2(high) Raman mode all sample show a weak shoulder from the E1(TO)

Raman mode, which is generally not allowed in the z(..)z geometry. It nevertheless

is observed frequently as a weak shoulder in that geometry. It is likely to be disorder

induced due to dopant incorporation and point defects.

6.2 Coupled longitudinal-optical phonon-plasmon modes in

GaN

To foster a deeper understanding of the found behavior and how it correlates with

the incorporation of the dopants and the free carrier concentration, the polar A1

Raman modes and the formation of longitudinal-optical coupled phonon-plasmon

modes will be investigated. LPP coupling is observed in polar semiconductors for

the polar Raman modes, oscillating along the intrinsic electrical field, namely the

A1 Raman modes.

Figure 6.4: Numerically calculated broadening and peak shift depending on carrier concen-

tration n and electron mobility µ, in the inset the relative scattering strength is

plotted versus the detuning of the LPP-mode from the host mode.[67]

With increasing free carrier concentration the plasma frequency in the material shifts

to higher energies. Due to this shift the plasma frequency experiences a Resonance

with the phonons in the crystal. This leads to formation of longitudinal-optical

phonon-plasmon coupled modes. The frequency of the coupled mode is described by

Eq. 4.18. Different mechanisms lead to a broadening and weakening of the coupled

modes, on the one hand the stronger the detuning of the LPP modes from the host

modes are, the weaker the coupling is, on the other hand with increasing carrier
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concentration the screening becomes more and more important reducing the effect

of deformation potentials and and compensating the internal electric field, thus

reducing the coupling strength again leading to a strong broadening and reduced

intensity.

Klose et al. analyzed GaN films grown by pulsed laser deposition and calculated

numerically the peak shift, broadening and scattering intensity for LPP modes in

GaN.[67] Fig. 6.4 depicts the results of this numerical simulation of the broaden-

ing and the relative scattering intensities of such coupled modes depending on the

detuning of the phonon modes.

The halfwidth broadening is plotted versus the detuning of the coupled mode from

the hosts Raman mode frequency for different electron mobilities. In the inset the rel-

ative scattering intensity as function of the detuning for a mobility µ of 156 cm2/V s

is depicted. It is seen that the width of the LPP mode increases and the intensity

decreases drastically as the LPP-mode detunes from the crystals host mode. This

makes the observation of the LPP+-mode for high free carrier concentration, and

the observation of the LPP−-mode for low free carrier concentrations, respectively,

very challenging. This effect becomes stronger as the mobility decreases.

Siegle et al. investigated Si doped GaN films [65] and were able to fill in missing

data points from an earlier report by Perlin et al.[68], clearly showing both legs of

LPP coupled modes as depicted in Fig. 6.5.

Figure 6.5: Positions of observed LPP modes at different sample positions depending on free

carrier concentration for Si doped GaN with inhomogeneous Si incorporation.[65]

A good agreement of the experimental results with the theoretical position of the

modes calculated after Eq. 4.18 has been found. Based on this Raman spectroscopy
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is utilized to measure the free carrier concentration with a high spatial resolution by

micro Raman spectroscopy. In the following the two sets of samples with different

doping levels of silicon and germanium, respectively, are analyzed.

6.3 Coupled longitudinal-optical phonon-plasmon modes in

highly doped GaN

In Fig. 6.6 Raman measurements on GaN doped with various amounts of germanium

are presented. The denoted free carrier concentration has been measured by Hall-

effect.

(a) Si doped GaN (b) Ge doped GaN

Figure 6.6: Comparison of Raman spectra showing the LPP modes of doped GaN films. The

free carrier concentration measured by Hall effect measurements are given on the

right in cm−3. The spectra were taken in unpolarized backscattering geometry,

z(..)z, using 532 nm laser light for excitation with a 100x micro lens.

Two different spots on each sample were measured to check for the homogeneity

of the doping in the film. On the bottom of both plots Raman spectra of not

intentionally doped films are depicted as reference. Above are the spectra shown

from films with free carrier concentrations ranging from 3.9·1018cm−3 to 6·1019cm−3,

and from 3 · 1018cm−3 to 1.9 · 1020cm−3 for silicon and germanium doped samples,
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respectively. The spectra show the following peaks in energetic order: An artificial

peak from the sapphire substrate at about 419 cm−1, a little shoulder from the

E1(TO) mode at 560 cm−1 on the lower energetic side of the sharp E2(high) mode

at 572 cm−1, a weak E2(high) mode from the AlN buffer at 658.5 cm−1, and the

A1(LO) mode at 737 cm−1.

Additionally in the doped samples the coupled LPP modes can be observed. Here

the A1(LO) mode at 737 cm−1 originates from the buffer underneath the doped

layer. For the lowest Ge doped sample with 3 · 1018cm−3 free carriers the LPP+

mode is seen on the right hand side at 794 cm−1 and the LPP− was almost to

weak for observation, but careful fitting revealed a position of 373 cm−1. For the

higher doped films the LPP+ mode is not seen. Where the LPP+ mode is heavily

weakened and broadened due to detuning from the host mode, the LPP− mode

instead becomes more prominent. As expected it shifts from 470 over 511 to 516

cm−1 and approaches the A1(TO) position at 532 cm−1.

In the Si doped films it is striking that the spectra from the different positions of films

with free carrier concentrations in excess of 1019cm−3 show significant differences.

Where the Ge doped films are very homogeneous, the Si doped films show at some

positions a broad background from defect related luminescence. At this positions

the intensity of the substrate related peaks is significantly reduced due to reduced

penetration depth, originating from defect rel and elastic scattering. In the highest

doped film one spot clearly shows the expected LPP− mode the other position looks

almost identical to the un-doped reference film.

Figure 6.7: Microscopic image of the 6 · 1019cm−3 free carrier concentration silicon doped

GaN film and color coded Raman map scan of the red marked area. Blue reflects

the intensity of the A1(LO) mode, green the intensity of the LPP− mode, and

red the intensity of the E2(high) Raman mode
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To correlate this inhomogeneity in the Raman spectra with the Nomarski Image

depicted in Fig. 6.2, a micro-Raman map scan has been performed. In Fig. 6.7 a

microscopic image of the surface of the silicon doped GaN film with 6 ·1019cm−3 free

carrier concentration together with a micro Raman map scan of the marked area

are depicted. The green spot in the microscopic image is the extenuated excitation

laser, the shape looks heavily distorted because the spot sits on the edge of one of

the islands. The color coding in the Raman map scan reflects the intensity of the

relevant modes: blue reflects the intensity of the A1(LO) mode, green the intensity

of the LPP− mode, and red the intensity of the E2(high) Raman mode.

The area where an LPP mode is observed, matches the area where an island with a

smooth surface is seen in the microscopic image. In the heavily etched areas around

the island no LPP mode or strained E2(high) mode component is seen.

In order to compare the found mode positions with the theoretically predicted values

in Fig. 6.8, the measured positions are plotted versus the measured carrier concen-

tration from Hall-effect measurements together with the theoretical values calculated

after Eq. 4.18 and Eq. 4.17.

Figure 6.8: Comparison of theoretical calculated position of LPP−-mode and experimental

values depending on free carrier concentration. Original data is depicted black,

remeasured carrier concentrations are depicted in red.

A reasonably good agreement is found between the calculated and the measured

Raman shifts. The deviation found in this measurements might have different ori-

gins, on the one hand the Hall effect measurements not only average a big in plane

area of the sample but they as well show contributions from the whole volume of

the sample, including the buffer layer, on the other hand a model neglecting the

damping of the plasma and of the phonon oscillators has been used, and last but

not least, especially for the lowest doped sample, the weak intensity of the LPP−

mode introduced, a significant fitting error margin.
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Nevertheless, utilizing the coupling of longitudinal-optical phonon-plasmon modes,

Raman spectroscopy allows for a quick, contact free evaluation of grown material’s

free carrier concentrations, strain, and quality with a high spatial resolution.

The better match between the new Hall measurements with the theoretical Raman

mode positions strongly suggests the new data to be more accurate. The new data

does as well match secondary ion mass spectroscopy data not presented in this work

very well.

6.4 Band filling and compensation

To foster a better understanding of the later discussed luminescence in the InN films

and in to understand the effects of strain and degenerated semiconductor behavior,

PL measurements obtained from the highly silicon and germanium doped GaN films

are discussed. In Fig. 6.9 PL measurements on both types of doped GaN films are

presented. For the PL measurements a pulsed, frequency quadrupled Nd:Yag laser

with a wavelength of 266 nm, a repetition rate of 76 MHz, and a pulse duration of

60 ps is used.

For the not intentionally doped layer the luminescence is dominated by shallow

donor bound excitons (DX) at 3.487 and 3.492 eV. On the high energetic side of the

dominant DX luminescence a weak signal from the free A-exciton (AX) is observed

at 3.502 eV. On the lower energetic side at 3.407 eV another weak luminescence

is observed, which is likely related to excitons bound to a deep acceptor or to a

structural defect. As the doping level increases the AX signature vanishes. The

DX luminescence broadens with increasing doping levels. In the silicon doped films

the luminescence shifts due to tensile strain towards lower energies. An increasing

low energetic tail due to increased defect formation starts to form. As the Fermi

level approaches the conduction band the luminescence broadens further on the high

energetic side due to filling of the conduction band states. Because of significantly

increased oscillator strength for transitions from the Fermi edge, due to formation

of a Fermi edge singularity, strong luminescence at the high energetic side of the

luminescence band is observed. At the same time due to band gap renormalization

as well as increased density of defect related states the low energetic tail extends

further towards lower energies. For the highest silicon doped sample the reduction

in strain is visible, the luminescence shifts back to higher photon energies. In the

Ge doped samples no strain induced shift to lower energies is observed, which is in

good agreement with the results from XRD as well as with the results from analysis

of the E2(high) Raman mode in Sec. 6.1.

The superior material quality of the germanium doped films is seen in the excitonic

structure, which even at the highest doping levels remains visible. The peaks at

3.496 and 3.506 eV are interpreted as bound exciton related. The higher energetic
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(a) Si doped GaN (b) Ge doped GaN

Figure 6.9: Comparison of PL spectra measured on doped GaN films. The free carrier con-

centration measured by Hall effect measurements are given on the left in units

of cm−3. There PL was measured utilizing a 266 nm pulsed laser excitation.

peak shows a significant dependency on excitation density and increases more than

proportional relative to the lower energetic peak. Further research on the exact

origin and nature of this excitonic features is in progress.

This excitons in such highly doped layers with asymmetric electron and hole densities

are discussed as Mahan excitons in literature. A Mahan exciton is composed from

a free hole in the lower occupied valence band or localized in acceptor states which

interacts with the whole electron reservoir, leading to a reduced binding energy due

to partly screening of the Coulomb interaction. The higher energetic peak could

either be interpreted as a charged binding center, as higher excitation level of the

exciton, or as formation of a multi particle state, such as bi-exciton or trion. At this

point it is not clear what the observed structure relates to.

With high n-type doping a strong Burstein-Moss shift is observed leading to a signif-

icantly increased optical band gap in such materials, which is seen in PL by the shift

of the high energetic onset to higher energies well above band gap of the intrinsic

semiconductor.

From the comparison of both sets of samples it becomes clear that increased defect

density, as well as possibly incorporation of silicon on different lattice sites, or in a

different electronic configuration leads to compensation in silicon doped films. Some
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of the generated excitation decays through defects, as seen from the green lumines-

cence background in the Raman spectra in Fig. 6.3a and some of the doping related

electrons are compensated due to formation of acceptor type centers, reducing the

carrier concentration already in thermodynamic equilibrium. Furthermore silicon

does not allow for as high carrier concentration because of the strong deterioration

of crystalline quality for silicon doped layers with carrier concentrations in excess of

1019 cm−3.

Germanium in comparison allows for significantly higher doping levels without degra-

dation of the crystalline quality, and without noticeable effects of compensation. The

good quality can as well be seen in the existence of Mahan type excitons in the ma-

terial. The almost strain free growth of this highly doped layers on un-doped buffers

eases the incorporation into devices and allows for integration of layers with carrier

concentrations in the 1020 cm−3 range into heterostructures.

Table 6.1: The results of the two different sets of Hall measurements are given in this table.

Dopant old carrier conc. new carrier conc.

cm−3 cm−3

Si 3.9 · 1018 cm−3 1.2 · 1018 cm−3

Si 1.8 · 1019 cm−3 1.4 · 1019 cm−3

Si 6 · 1019 cm−3 2.2 · 1019 cm−3

Ge 3 · 1018 cm−3 2 · 1018 cm−3

Ge 2.6 · 1019 cm−3 1.5 · 1019 cm−3

Ge 6 · 1019 cm−3 3.4 · 1019 cm−3

Ge 1.9 · 1020 cm−3 5.1 · 1019 cm−3

All other statements regarding the comparison of the two dopants are still correct.
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experiments

This chapter describes the MOCVD growth at superatmospheric pressures (denoted

also as high-pressure chemical vapor deposition (HPCVD)) and presents results and

discussions related to the InGaN growth. InGaN and future challenges on the ex-

pansion of MOCVD to the elevated pressure regime. The HPCVD reactor system is

introduced and the influence of relevant process parameters on the growth process

and the layer properties will be discussed. The first section provides the physical

principles motivating the step towards high-pressure CVD thin film growth and its

advantages in the stabilization of stabilization of compound semiconductors with

dissimilar partial pressures and encountered in the group III-nitride system. The

second section describes the base components of the growth reactor, its capabilities

and the distinct differences compared to presently utilized low-pressure MOCVD

systems.

The third section present experimental InN and InGaN growth results, discussing

the influence of the reactor pressure on the growth temperature and the growth rate.

In the fourth section, describes the temporal precursor injection approach introduced

in HPCVD reactor system and presents results on the influence of timely controlled

precursors injection on the structural and optical properties of the grown epilayers.

The fifth section presents results on the Growth of InGaN by HPCVD. It includes

results on the effect of the molar precursor flow ratio between the group-V and

group-III precursors, as well as on the effect of growth temperature.

The chapter concludes with a brief summary on the present status of InGaN growth

by HPCVD and future challenges on the expansion of MOCVD to the superatmo-

spheric pressure regime.

7.1 Pressure as additional control parameter

In 1970 MacChesney et al.[14] investigated the effect of elevated nitrogen pressure on

the thermal stability of III-nitrides (Fig. 7.1) and proposed to use elevated nitrogen

pressure to stabilize the surface at elevated temperatures. The theoretical thermo-

dynamic equilibrium calculations predicted a significant increase of the dissociation

temperature, indicating the stabilization of III-nitrides alloys at higher growth tem-

perature in a high-pressure nitrogen atmosphere. The results are depicted in Fig.
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7.1, showing the dissociation temperatures for the three most common III-nitride

semiconductors in thermodynamic equilibrium conditions as function of reactor pres-

sures. Since this theoretical study assumed thermodynamic equilibrium conditions,

significant changes can be expected in a nonequilibrium thin film CVD process,

which has to be assessed experimentally.

Figure 7.1: Dependence of dissociation temperature of InN (red), GaN (black) and AlN

(green) on pressure of nitrogen gas

Under the lead of Dr.’s Bachmann and Dietz, first at North Carolina State University

and later at Georgia State University, a reactor for the growth of III-nitrides at super

atmospheric pressures has been developed. The pressure vessel and the gas handling

system are designed to allow for pressures up to 100 bar. This pressure regime comes

with some additional challenges compared to a common low-pressure CVD system.

The mean free path ’l’ of particles in the gas phase decrease inverse with the square

of the pressure

l = 1/P 2, (7.1)

increasing the metalorganic (MO) precursor interactions in the gas phase and above

the growth surface. To avoid and/or control the gas phase chemistry as well as the
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growth kinetic above and at the growth surface lead to the development of temporal

controlled precursor injection as describe below in more details. The denser gas

phase with increasing reactor pressure has however also advantages. For instance,

the ammonia precursor cracking efficiency improves with the onset of the cracking

is shifted to lower temperatures as the reactor pressure increases.[69]

7.2 HPCVD reactor and growth system

The reduced mean free path at superatmospheric reactor pressures leads to a signif-

icant increase of various parasitic gas phase reaction between precursor fragments

as well as adduction formation i.e. with ammonia fragments that alter the reaction

and diffusion path ways, requiring the spatial separation of reactor precursors in

the reaction zone. Furthermore, the surface boundary layer (between gas phase and

growth surface) reduces inverse with square-root of pressure, requiring an adjustment

of the reactor height above the growth surface for optimum precursor utilization.

The HPCVD flow channel reactor height of 1mm in the here used growth system

take this into account. To avoid cross-reactions between the precursors in the gas

phase, a temporal injection approach has been implemented, where the precursors

are injected separately in time into a horizontal narrow flow channel reactor to allow

for a quick transfer of precursor fragments through the reaction zone.

The precursors are delivered in an alternating pulse sequence avoiding gas phase

reactions. To maintain a constant pressure and gas flow velocity, the precursors are

embedded into a constant high-pressure nitrogen carrier stream. For this, the nitro-

gen saturated precursor flow - extracted at atmospheric pressure from the precursor

storage cylinder - has to be compressed via separate compression reservoirs up to

the reactor pressures. The reservoirs are filled at atmospheric pressure, isolated,

compressed with carrier gas to the reactor pressure, and injected into the reactor

chamber, keeping the reactor pressure and total flow constant. Three compression

reservoirs are available for the injection of the different precursors.

A schematic of the pulsed precursor injection, the ultraviolet absorption spectroscopy

trace of pulses, and the effect of precursor exposure on the principal angle reflection

of the growth surface are depicted in Fig. 7.2.
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Figure 7.2: Schematic of embedded precursor pulses in carrier gas, ultraviolet absorption

spectroscopy trace of precursor pulses and effect of precursor exposure on prin-

cipal angle reflection signal of growing epitaxial film in HPCVD

In order to avoid pressure fluctuations, while draining, filling, and compression of

the reservoirs and injection of the precursors into the carrier gas, a separate push

flow for each reservoir is maintained. During the preparation of the reservoir, it is

bypassed, and for the injection this push flow is rerouted through the filled reservoir

in order to inject the precursor.

In order to monitor the reactor pressure and fluctuations the reactor outlet is

equipped with a pressure transducer read in real-time. To monitor the arrival

times of the precursors and their decomposition ultra-violet absorption spectroscopy
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(UVAS) is utilized. The light from a deuterium lamp is sent horizontally trough the

flow channel, is dispersed with a 10 cm monochromator set to one of the absorp-

tion maxima of ammonia in the spectral range between 208 nm and 223 nm. Since

trimethylindium (TMI) and trimethylgallium (TMG) shows a very broad absorption

in that spectral range this setting allows in pulsed mode for monitoring the arrival

times of both precursors in the reactor, as well as for analyzing the decomposition

of the precursors depending on the substrate temperature by monitoring the change

in absorption of the light due to the gas pulses.

Figure 7.3: Cross-sectional schematic view of the HPCVD reactor based on Woods et al.[70]

Additionally the evolution of the growth surface is monitored via principal angle

reflection measurements (PARS). In PARS a 633 nm HeNe-laser is used as excitation

source. It is sent onto the surface at an angel of 28◦ of the normal of the substrate

from the backside of the substrate. This angle is close to the principal angle of

reflection, reducing the perpendicular polarized component to a minimum. This

allows to minimize the over all reflected intensity, by adjusting a polarizer in the

path of the incident light. This reduced background intensity allows for a high

sensitivity for changes of the residual reflected light as consequence of small changes

in the dielectric function. The same laser is used to measure the scattering of light

at the growth surface.

While the evolution of the PARS signal allows for determination of the film thickness

and changes in the dielectric constant, the laser light scattering (LLS) gives an

indication of the surface roughness and the crystalline quality of the deposited layer.
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Due to scattering mainly at the surface, but as well as inside the crystal at extended

defects and dislocations, it is possible during the growth process to monitor the films

and especially its surface quality. A schematic of the cross-section of the reactor

perpendicular to the flow direction is shown in Fig. 7.3.

Figure 7.4: Typical evolution of the principle angle reflectance (PARS) and the laser light

scattering (LLS) during a growth run

The real-time data for a typical growth run is depicted in Fig. 7.4. In this run a GaN

template on sapphire has been used as substrate in order reduce the lattice mismatch

between the substrate and the grown epilayer. After pressurizing and heating up the

system the surface has first been nitridized by running pulsed ammonia through the

reactor for one minute. The growth has been initiated growing some GaN nitride

homoepitaxially, with regard to the deposited GaN template on a sapphire substrate,

for a few minutes. In order to reduce strain and prevent transition into a 3D-island

growth the transition to InN has been done ramping the group-III precursor from

pure trimethylgallium to pure trimethylindium over a period of 10 min. following a

steady state growth of InN for 210 min.

During nitridization of the growth surface, where only ammonia diluted in the carrier

gas is flown, in order to clean and prepare the surface, no change in the PARS and

LLS is observed. As the deposition of GaN takes place, first a slight decrease of

the PARS signal followed by an increase is observed. This is likely a result of the

different refractive index of the deposited GaN compared to the template, due to the

low growth temperature for GaN. The HPCVD is designed for the growth of In-rich

materials, thus it does not allow for growth of GaN at optimum growth temperature

in the current setup.



7.3 Growth reactor pressure 63

The low temperature GaN is likely to have higher residual free carrier concentration

due to incorporation of precursor fragments and increased defect density. As the

ramp-over to growth of InN is initiated the refractive index of the deposited material

increases even more, leading to a strong increase of the PARS signal. Once the steady

state growth of InN is going, both the PARS as well as the LLS signal show strong

Fabri-Perot oscillations, due to changing film thickness. This can be understood

taking into account that both are measured from the backside of the transparent

substrate. The decreasing intensity and amplitude originates from the increasing

absorption throughout the deposition of the InN layer. The LLS shows, due to the

different angle for the detection, a slightly lower oscillation frequency.

The substrate is heated radiatively from the back side. The temperature is controlled

through the electrical power delivered to the heaters. The temperature has been

calibrated using the black body radiation from inside the reactor. For very thick

films the heater power has to adjusted during the growth due to increased absorption

in the deposited InN layer, leading to an increase of the surface temperature as the

film growth thicker.

7.3 Growth reactor pressure

In this section results on the achievable growth temperature, depending on the reac-

tor pressure and the effects on growth rate and crystalline structure are presented.

This section is based on two publications, one as SPIE Proceeding [71] and one as

Phys. Stat. Sol. C [72] respectively.

Sets of InN films have been deposited on GaN templates on sapphire substrates,

except the one deposited at 19 bar, which was deposited direct on sapphire, at

pressures ranging from almost atmospheric pressure (pressure was slightly above

atmospheric pressure because of the need for sufficient flow) to 19 bar. The goal

was to investigate the growth rate and growth temperature on the applied nitrogen

pressure. The growth parameters such as metalorganic precursor flow, pulse separa-

tions and durations were optimized at atmospheric pressure and kept constant. The

carrier gas flow depending on the pressure was adjusted such that the flow velocity

of the gases above the growth surface was kept constant. The V/III-ratio was set to

7500 for lower pressures and has been reduced for the films at 15 and 19 bar to 3000

due to increased cracking of ammonia, potentially leading to etching and due to

reduced loss of nitrogen back into the gas phase. The growth has been performed at

temperatures ranging from 760◦C to 876◦C. XRD 2Θ-ω scans of the films deposited

on GaN/sapphire templates are depicted in Fig. 7.5.

The full width at half maximum (FWHM) values of the XRD 2Θ-ω scans of the

(0002) InN epilayers Bragg reflexes are depicted in Fig. 7.6 and varied between 390

arcsec and 680 arcsec, except for the film grown at 5 bar which showed a slightly
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Figure 7.5: XRD 2Θ−ω scans of InN epilayers grown at different pressures on GaN/sapphire

template showing the (0002) Bragg reflexes of InN at 31.31◦ and of GaN at 34.54◦

higher FWHM of 800 arcsec. The scans show the (0002) InN Bragg reflex at an

angle 2Θ of 31.31◦ and the (0002) Bragg reflex of the GaN template at 34.54◦.

No second phase has been observed in the samples on GaN templates. The film,

deposited directly on sapphire at 19 bar, exhibits an additionally weak Bragg reflex

at 33.1◦ which we attribute to the formation of tilted grains along the nucleation

layer between sapphire and InN. At this point it should be pointed out that this

is a combination of the (101) Bragg reflex from metallic In on the surface, which

is observed at 32.8◦, and the (0111) Bragg reflex from the tilted InN facets. In

growth runs, which are not well optimized, both features can observe separate.[73]

The excess In can easily be removed by wet-etching in hydrochloric acid (HCL) and

the XRD peak at 32.8◦ disappears, where as the peak related to tilted facets can

not be etched back.

In Fig. 7.6 the FWHMs of the samples in this series are depicted together with data

for some films grown under individually optimized conditions. For the samples in

this series the crystalline quality slightly decreases for higher pressure due to the fact

that the MO precursor flow and injection sequence were optimized at atmospheric

and for comparability kept constant throughout the series. For films grown under

individually optimized conditions better crystalline quality can be achieved, as seen

from the significantly reduced FWHM of their XRD Bragg reflexes.
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Figure 7.6: Fit results for the (0002) Bragg reflexes of XRD 2Θ − ω scans are depicted

versus the reactor pressure (green). For comparison results of samples grown

under individually optimized conditions are also shown (red).

With increasing reactor pressure in this set of experiments the growth temperature

could be raised by 6.6◦C per bar allowing for a growth temperature of 860◦C for InN

at 19 bar reactor pressure, as depicted in Fig. 7.7. It clearly can be seen that with

increasing pressure of the nitrogen atmosphere the growth surface can be stabilized

at significantly higher temperatures than at atmospheric pressure.

In Raman spectroscopy the epilayers showed FWHM of E2(high) Raman modes at

489.5 ± 0.5cm−1, sensitive to strain and crystalline quality mainly, in the range of

8.6 cm−1 to 14.5 cm−1. Additionally an A1(LO) Raman mode at 591 cm−1 has

been observed as expected for z(..)z. The E2(high) Raman mode position indicates

no significant strain in the films independently of the growth chamber pressure.

The fully relaxed E2(high) position, as reported by Wang et al. in 2006, is at 490

cm−1.[74]

The films were measured as well by Fourier transformed infrared reflection spec-

troscopy (FTIR) and the results were simulated using a multi-layer stack model to

accommodate for the substrate, the GaN template, and the grown InN film. De-

tails on the multi-layer stack model and model dielectric function can be found

elsewhere.[58] From the simulation of the IR-reflection the free carrier concentra-

tion, mobility, high frequency dielectric function, the damping constant for plasma
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Figure 7.7: Dependency of the achievable growth temperature on the reactor pressure for

InN and In-rich In0.85Ga0.15N

oscillations, and the broadening of optical phonon oscillators can be extracted.

A typical measurement and the simulated spectra are shown in Fig. 7.8, the shown

film is the one grown at 10 bar. To obtain reliable information on the grown InN

film, first the GaN/sapphire template is measured in order to establish the proper

fitting parameters for the underlaying layers. After the growth the measurement is

repeated and for the fitting the parameters prior established for the substrate are

kept constant.

The fitting has been performed utilizing a nonlinear Levenberg-Marquardt fitting

algorithm, in order to obtain best fit values for each parameter. From the plasma

frequency in the InN layer a free carrier concentration of 7.8 · 1019cm−3 has been

derived. From the difference in the interference fringes between the GaN/sapphire

template and the stack including the deposited layer, the thickness of the deposited

InN film can be extracted. The film in Fig. 7.8 depicted has a thickness of 110 nm.

All samples from this set of experiments have been measured by FTIR and have

been fitted. From the results of this fitting the thicknesses were taken in order to

calculate the growth rate, depending on the reactor pressure. The results of this

analysis are plotted in Fig. 7.9.
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Figure 7.8: Example spectra of Fourier transformed infrared reflection and the fitted simu-

lated function for a InN epilayer grown at atmospheric pressure

Figure 7.9: Dependency of the growth rate for InN on the reactor pressure ranging from

atmospheric pressure to 19 bar
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A linear decrease of the growth rate with increased reactor pressure has been found.

This can be understood considering the reduction of the mean free path of cracked,

reactive precursor fragments in the denser gas phase. With the reduced mean free

path the reaction layer along the growth surface becomes thinner. This results in

less efficient incorporation of the injected precursor. From the theory of diffusion

in ideal gases, the diffusion constant D is inversely proportional to the molecules

number density n. The molecules number density is proportional to the reactor

pressure. Since the diffusion length LD is inversely proportional to the square of the

diffusion constant D, a decrease of the diffusion length inverse proportional to the

square of reactor pressure is expected.

The deviation from this expected dependency might be a result of the limited pres-

sure range investigated, which may in turn lead to a linear appearance. Furthermore

the changed growth chemistry kinetics, such as changes in the cracking and diffusion

of the active precursor radicals, might influence the growth rate at elevated pressure

and temperature. The growth conditions were optimized at atmospheric pressures

and were kept constant beside the V/III-ratio which had to be adjusted to avoid

excessive etching due to increased density of reactive precursor fragments, especially

hydrogen radicals, in the high pressure and temperature range.

It is shown that superatmospheric pressure allows for increased growth temperature

in the growth of indium rich InGaN and InN. This increased growth temperature

comes at the cost of reduced growth rate due to the reduced boundary layer thickness

in the denser atmosphere. The growth temperature could be raised by 125◦C by

increasing the reactor pressure from 1 to 19 bar. This allows the growth of InN and

indium rich InGaN at temperatures close to the process temperature window for

the growth of GaN and gallium rich InGaN, opening a pathway for introduction of

indium rich layers into wider band gap material.
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7.4 Temporally controlled injection

Due to the temporally controlled injection scheme of the precursors in HPCVD, ad-

ditionally to common growth process parameters in MOCVD, the exposure times of

the substrate, to each precursor, and there separation needs to be adjusted carefully.

The setup of the HPCVD system at GSU, through indipendant compression groups

for different precursors, allows for sub mono-layer digital alloying. In this chapter

the effect of the exposure time of the growth surface to the ammonia precursor and

the influence of the separation of the precursor pulses are presented.

7.4.1 Substrate exposure times to precursors

In order to optimize the growth process and the resulting material quality, the

exposure times of the growth surface to the ammonia precursor was varied between

1 s and 2.5 s in steps of 250 ms. The over all cycle length was kept constant. Thus

the separation between the ammonia and the following TMI pulse, has been varied

at the same time. The growth temperature was 865◦C, the reactor pressure was 15

bar, the V/III-ratio was kept around 2100. The nitrogen carrier gas flow was set to

12.7 slm. The injection cycle is schematically plotted in Fig. 7.10.

Figure 7.10: Depiction of injection cycle with varied ammonia exposure time of the growth

surface

Since the over all cycle length is kept constant, the increased ammonia exposure

time means a reduced pause between the ammonia and the folling trimethylindium

pulse at the same time.

With increasing ammonia exposure time the growth rate increases linearly as de-

picted in Fig. 7.11. From initially 0.28 monolayer per injection cycle the growth rate

increased to 0.5 monolayer per cycle for the longest exposure time. The growth rate

was estimated from the layer thickness measured by AFM and the growth time.

The increase of the growth rate shows that under this conditions the growth is

limited by the nitrogens supply and incorporation. Nevertheless the ammonia flux

can not simply be increased, because if the density of ammonia becomes to high,

strong etching appears and the growth rate decreases again. On the other side

increasing the exposure time further does not lead to a gain in growth rate, because
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Figure 7.11: Dependency of the growth rate on ammonia exposure times

the cycle becomes longer, leading to less injection cycles per time and thus a reduced

growth rate.

Figure 7.12: Measured position and FWHM of E2(high) Raman mode depending on the

ammonia exposure time
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Raman spectroscopy showed, as depicted in Fig. 7.12, a slight reduction in FWHM

and a shift to higher energies of the E2(high) Raman mode. The E2(high) mode

does not couple to the free carriers in the film, it reflects the crystalline quality

through the FWHM and the strain in the layer through the energetic position.

The reduced FWHM indicates improved crystalline quality for longer exposure

times. The shift is likely due to increased strain caused by a more epitaxial growth

mode on the not lattice matched substrate. As expected for the growth on GaN a

more compressive strain state is observed for the better quality layer.

Figure 7.13: Morphological properties measured by AFM, depicted are the surface roughness

and the average grain are depending on the ammonia exposure time

This improvement in the growth mode can be seen as well in AFM measurements.

Fig. 7.13 shows results on the morphology of the films measured by AFM. The

increase of the average grain area with increased ammonia exposure times, together

with the shifted E2(high) Raman mode, is a strong indication for a better long range

ordering and improved crystalline quality, leading to increased biaxial strain.

The A1(LO) Raman mode position and FWHM are plotted in Fig. 7.14. This mode

couples to the free carrier concentration and is expected to shift to higher energies

for increased carrier concentration. At the same time the mode should experience a

shift to higher energies, similar to the E2(high) mode, with increasing compressive

strain but with a different slope.

The position is found to slightly shift to lower energies, this is a strong indication of

decreasing carrier concentration with increased ammonia exposure time. Especially
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Figure 7.14: Position and FWHM of polar A1(LO) Raman mode depending on ammonia

exposure time

since the increased strain should shift it in the opposite direction. This is likely a

result of reduced grain boundaries in the film and possibly a reduction in nitrogen

vacancy related donor type defects.

Figure 7.15: FWHM of XRD rocking curves and 2θ−ω-scans of the (0002) InN Bragg reflex

depending on the ammonia exposure time.

To understand the origin of the observed shifts of the Raman modes XRD measure-

ments are carried out to further investigate the structural properties. In Fig. 7.15
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the FWHM of XRD rocking curves and 2θ−ω-scans of the (0002) InN Bragg reflex

are depicted. No significant change in the long term ordering is found in the rocking

curves. The 2θ − ω-scans show a minimum of the full width at half maximum for

2.0 s ammonia pulse duration.

The fact that the improved crystalline quality seen in the Raman and AFM measure-

ments is not seen in XRD is likely a result of huge area averaged in XRD compared to

the first two characterization methods. A locally improved crystalline quality does

not necessarily lead to a reduction in the XRD FWHM, because the XRD reflex is

still composed from contributions from thousands of individual grains with different

strain states, possibly slight angles and boundaries in between them.[75]

It is shown that the supply of the volatile nitrogen, at the investigated growth

conditions, is the growth limiting factor. The growth rate as well as the material

quality improved for longer exposure times of the growth surface to the nitrogen

precursor ammonia. To separate the effects of the longer exposure time of the

growth surface from the effect of changed precursor puls separations another set of

experiments is conducted keeping the exposure constant but varying the separations

systematically.

7.4.2 Separation of precursors

Since the deposited metal needs time to reach steps in order to contribute to the

layer by layer growth, and the nitrogen on the hot growth surface is very volatile,

the separation of the pulses has a strong influence on the growth process and the

crystalline structure and morphology of the deposited film. In order to understand

this processes the ammonia injection pulse has been systematically shifted with

regard to the TMI pulse as schematically depicted in Fig. 7.16.

Figure 7.16: Depiction of injection cycle for varied pulse separation between ammonia and

TMI

The cycle time was kept constant at 6 s. The ammonia injection pulse has been

shifted forwards and backwards in between the adjacent trimethylindium pulses.

The puls duration was set to 2 s. All other parameters such as temperature, V/III-

ratio, TMI flow, ammonia supply, and carrier gas flow were also kept constant.

The V/III-ratio was set to 2250, the N2 carrier gas flow was set to 12 slm, the
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reactor pressure was 15 bar, the ammonia flow was set to 600 sccm and the growth

temperature was 865◦C.

Since the nitrogen at the growth surface is very volatile, where the metal, once

adsorbed, is likely to stick to the surface, an increased growth rate and better crys-

talline structure have been found for short separations from the ammonia pulse to

the TMI pulse. This can be understood considering that the nitrogen gets immo-

bilized and is more likely to stay at the surface once it forms additional bonds to

neighboring atoms. As quicker the nitrogen is incorporated or even overgrown the

smaller the loss back into the gas phase is. In Fig. 7.17 the dependency of intensity

of the (0002) Bragg reflex on the separation is plotted.

Figure 7.17: XRD intensities of the (0002) Bragg reflex of InN depending on pulse separation

Together with the results of the variation on the surface exposure time series pre-

sented in 7.4.1, it is likely that the separation from the ammonia injection pulse

to the following TMI injection pulse rather than the surface exposure time limits

the incorporation. In follow up experiments it seems promising to again vary the

exposure time but keeping the separations constant. This should finally resolve the

question what the limiting parameter is in HPCVD.
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7.5 Growth of InGaN by HPCVD

To investigate the capability to stabilize InGaN alloys with high In-contents, and

with this to suppress the phase separation, sets of films with varying Ga-contents

have been grown. Depending on the applied growth conditions it is possible to

grow single phase InGaN films over a wide compositional range. Where for the

growth of InN the separation between the ammonia and the following metalorganic

puls has to be as short as possible, with increasing gallium content in the material

longer separations are needed. In Fig 7.18 XRD 2Θ-ω-scans of InGaN Films with

Ga-contents ranging from 0% to 63% are presented.

The films have been grown under individually optimized conditions. The Ga and

In precursor trimethylgallium and trimethlyindium, respectively, were mixed and

compressed together in one reservoir after extraction from the individual bubblers

and were afterwards injected together. As it can be seen in the XRD scan of the film

with 18% Ga the material still tends to form a second phase making the optimization

of the growth conditions for each composition necessary. Even small deviations from

the optimum conditions lead to significant deterioration of the material quality and

to deviation from the nominal composition.

In the following the effect of two of the important growth parameters will be dis-

cussed. Since the V/III molar flow ratio for the growth of InN and GaN are different,

it influences the material quality as well as the composition of deposited films. A sim-

ilar effect can be observed for the applied growth temperature. In the next sections

first a set of samples grown with varying V/III ratios and second a set of samples

grown at different temperatures in order to optimize the growth are presented.
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Figure 7.18: XRD 2Θ-ω-scans of the (0002) Bragg reflex of InN and InGaN films with various

Ga concentrations deposited by HPCVD.
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7.5.1 Effects of V/III molar precursor ratio

A set of films with nominally 35% Ga in InGaN are deposited at V/III molar flow

ratios between 700 and 3000, at 876◦C, and at 15 bar reactor pressure. In Fig 7.19a

the XRD 2Θ-ω-scans of the films are depicted.

(a) (b)

Figure 7.19: (a) XRD 2Θ-ω-scans of the (0002) Bragg reflex of a nominally 35% Ga contain-

ing InGaN films deposited by HPCVD. (b) From XRD measurements extracted

composition and XRD (0002) FWHM of the InGaN phase of nominally 35%

Ga InGaN film depending on the applied V/III molar flow ratio.

It is clearly seen that under this conditions two phases are present in these samples.

This is likely due to the not yet optimized growth temperature for the composition, in

this set of samples. Furthermore it can be seen that the InGaN phases composition is

changing with the V/III ratio. At the lowest V/III ratio almost no Bragg reflex from

the InGaN phase is observed. Up to a V/III ratio of 2000 the intensity increases and

FWHM of the InGaN (0002) Bragg reflex decreases. A further increase in V/III-

ratio again leads to broadening of the Bragg reflex. In Fig. 7.19 the Bragg peak

position has been analyzed for the composition.

The composition of the InGaN phase is found to approach with increasing V/III

ratio the nominal composition, given by the mixture of precursors in the gas phase.

This is likely an effect of different nitrogen bond strength between the Ga and In

ad-atoms on the surface with nitrogen radicals.

Even though the composition is still approaching the nominal composition a further

increase of the V/III ratio is not beneficial since the quality of the grown InGaN

phase starts to deteriorate. This deterioration can bee seen for example in FTIR

measurements, which are depicted in Fig. 7.20 and reveal an increased carrier con-

centration for high V/III ratios.
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Figure 7.20: FTIR spectra obtained from the InGaN samples grown with different V/III

ratios. In the inset the carrier concentration gained through simulation of the

spectra are plotted.

While the carrier concentration decreases for an increase of the V/III-ratio from 700

to 1000 from 4 · 1019cm−3 to 3.5 · 1019cm−3 and is almost constant for a V/III ratio

of 2000, it increases drastically to 8 ·1019cm−3 as the V/III ratio is further increased.

Another effect of the increased V/III ratio is a reduction of the growth rate. The film

thickness has been derived from the simulation of the FTIR spectra. The growth

rate has then been calculated from the growth time and film thickness. The growth

rate for the presented films are depicted in Fig. 7.21.

The reduction of the growth rate is a result of the competition between deposition

and desorption or etching due to ammonia radicals. Such radicals can form bonds

with ad-atoms on the growth surface and increase the probability of desorption of

metal from the surface. Together with the observed change of the composition with

the changed V/III-ratio it is likely that due to the higher stability of the gallium

nitrogen bond compared to the indium nitrogen bond, more indium is desorbed

back into the gas phase. Since the effect increses with the V/III-ratio it is likely

facilitated through ammonia fragments bonding and reducing the energy barrier for

the desorption process.

To achieve the growth of single phase material of good quality other important

growth parameters, like the growth temperature and the pulse sequence need to be

optimized too.
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Figure 7.21: Growth rate for the deposited films depending versus the applied molar V/III

precursor ratio.

7.5.2 Influence of the growth temperature on the grown InGaN

(a) (b)

Figure 7.22: (a) XRD 2Θ-ω-scans of the (0002) Bragg reflex InGaN films deposited at dif-

ferent growth temperatures. (b) shows the composition of the grown films

depending on the growth temperature.[76]

In this section a set of InGaN films with nominally 60% Ga in InGaN grown at differ-

ent growth temperatures are investigated. The films were deposited at temperatures

between 910◦C and 960◦C, at a V/III ratio of 1500, and the reactor pressure was 15
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bar. Both metalorganic precursors were injected together. In Fig. 7.22a the 2Θ-ω

XRD scans of those films are plotted. In Fig. 7.22b the calculated composition, of

the films depending on growth temperature is depicted. The composition has been

calculated using Vegard’s law.

At 910◦C the material quality is rather poor as seen from the broad (0002) Bragg

peak from the InGaN film. As the growth temperature is increased to 925◦C the

material quality significantly increases, the FWHM is reduced and the intensity of

the Bragg reflex reaches a maximum. For even higher temperatures the crystalline

quality starts to decrease again, even though the FWHM is slightly smaller for

the film deposited at 940◦C the Bragg peak intensity is already decreasing and

the composition begins to shift towards higher Ga concentrations. At 960◦C the

Ga concentration in the layer shoots up to about 70%, the FWHM is significantly

increased and an increased trend for phase seperation is observed, as seen from the

reduced depth of the valley between the GaN and the InGaN Bragg reflexes.

(a) (b)

Figure 7.23: (a) Measured absorption spectra of the InGaN films deposited at different

growth temperatures. In (b) the linearly extrapolated absorption edge is plot-

ted versus the growth temperature. After G. Durkaya et al.[76]

In Fig. 7.23 results of optical absorption measurements are presented. The ab-

sorption edge was extracted from optical transmission measurements by linear ex-

trapolation.The extracted band gap values show the same trend as the composition

calculated from XRD measurements. For In0.4Ga0.6N , assuming a band gap bow-

ing parameter of 1.68 eV, a Band gap of 1.93 eV is expected, which matches the

found value of 1.91 eV well. This can be seen as a sign of the relatively good crys-

talline quality, nevertheless the rather small slope of the absorption edge shows the

existence defects or fluctuations indicating potential for further improvement.
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7.6 Summary of HPCVD growth

It was successfully demonstrated that superatmospheric CVD allows for significantly

increased growth temperature for InN as well as for InGaN. It is shown that under

optimized conditions InN can be grown at 876◦◦C in a 15 bar nitrogen atmosphere.

This is an increase of the achievable growth temparature compared to atmospheric

pressure of more than 120◦◦C. In addition it is shown that the concept of stabilizing

the growth surface works as well for the growth of In-rich InGaN. This comes at the

cost of reduced growth rate due to less efficient diffusion of the precursors towards

the growth surface in the denser gas atmosphere. The growth rate decreased by

about 80%. For a given reactor geometry the ratio between deposited and purged

precursor material goes down.

Experiments showing the effects of variations in the precursor injection sequence

were presented. It becomes clear that the diffusion and incorporation of the volatile

nitrogen is the limiting step in the growth of InN by HPCVD. As short as possible

separations between injected ammonia pulses and the following metalorganic pulses

are needed, in order to reduce the loss of nitrogen back into the gas phase.

The effect of V/III molar flow ratio and temperature on the composition of the

deposited material was studied. It is shown that at a given temperature there is

a narrow window of V/III molar flow ratio before etching occurs and the growth

rate as well as the structural quality start to deteriorate. HPCVD allows due to the

improved cracking efficiency of the ammonia compared to low-pressure CVD much

lower V/III molar flow ratio in the range of 700 to 3000.

It is demonstrated that under optimized growth conditions at a reactor pressure of

15 bar indium rich, single phase InGaN can be grown over a wide compositional

range from InN up to In0.27Ga0.63N by HPCVD. It became clear that the pulse

separation and exposure times need to adjusted for the growth of InGaN compared

to InN. With increasing growth temperature the incorporated amount of indium

decreases but the material quality stays high over a range of up to 20◦◦C. This

indicates that the temperature can be used to control the composition over a range

of about 5%.

The achieved increase in growth temperature narrows the gap between the process

windows for GaN and InN to less than 100◦◦C and will allow in the future to

introduce layers of high quality InN into heterostructures with other III-nitrides

such as GaN and InGaN with lower In-contents.



8 Optical and electrical Properties of

indium rich InGaN and InN

In this chapter the properties of InN and InGaN grown by different techniques will

be presented. To allow for comparison results on state of the art InN films grown

by MBE and MOCVD will be compared to those grown by HPCVD. First the

structural properties of the high quality samples will be presented briefly. Next the

optical properties of a set of InGaN films with a wide range of composition will

be discussed. To provide further evidence for the position of the band gap of InN,

used as anchor for the determination of the bowing of the band gap in HPCVD

grown InGaN, InN films grown by different techniques are investigated for their

optical properties. Finally results on a more in depth characterization of the highest

quality film will be discussed in order to understand the luminescence and properties

of state of the art InN. The luminescence of the highest quality InN film is compared

to that of highly doped GaN in order to provide an idea about the mechanisms the

observed luminescence.

8.1 Structural properties of high quality MBE grown InN

In Fig. 8.1 unpolarized Raman spectra of three high quality MBE InN films on

GaN and silicon are depicted. The 2 µm and the 0.3 µm thick films were grown on

GaN/sapphire templates and the 1 µm Film on Si. Both thicker films show a very

low full width at half maximum (FWHM) of the E2(high) Raman mode indicating

very good crystalline structure.

The FWHM of the E2(high) Raman modes are 3.1 cm−1 for the two thicker films,

which is close to the intrinsic lifetime broadened width. For the thinner film the

FWHM is 6 cm−1, the broadening is likely due to structural defects originating from

the nucleation on the template. The slight difference in their E2(high) Raman mode

position can be understood taking into account the different substrates. Where as

the films on GaN/sapphire show a compressive strained, decreasing with thickness,

the film on Si shows a position very close to the relaxed value. The thin film shows

a strong compressive strain compared to the others as seen from to position of the

E2(high) Raman modes at 495.26 cm−1 compared to 491.9 cm−1 and 489.4 cm−1

for the 2 µm and 1 µm (on Si) films. The lowered strain in the thick sample on GaN

is likely a result of the defects present in thinner films which allow for the reduction
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Figure 8.1: Raman spectra of InN layers on GaN and on Si with 2 µm and 1 µm thickness

respectively

of strain, but limit the quality of thinner films.

The thinner films both shows a shifted and broadened A1(LO) mode. In the 2 µm

film the A1(LO) mode is observed at 585 cm−1 with a FWHM of 5.7 cm−1. The

A1(LO) mode in the film on Si is observed at 590.7 cm−1 with a FWHM of 9.5 cm−1

and in the thinnest film on GaN the mode is found at 597 cm−1 with a FWHM of

12 cm−1. This difference is caused by higher carrier concentrations in the thinner

films. The 1 µm thick film (on Si) has 2 · 1018cm−3 free carriers measured by Hall

effect measurements. From the shift and broadening of the A1(LO) Raman mode

due to longitudinal-optical phonon-plasmon coupling it is concluded that the thicker

film exhibits a carrier concentration below 1018cm−3 and the thinner film one in the

mid to upper 1018cm−3. The additional peak in the spectrum of the thin film at

572 cm−1 originates from the substrate and is identified as GaN E2(high) Raman

modes.

The good structural quality of the two thicker films is supported by their sharp XRD

Bragg reflexes. In Fig. 8.2 2θ − ω XRD scans of both films are presented.

The shoulder on the low angle side of the InN on GaN is likely caused by the defect

rich nucleation layer along the, not lattice matched, high quality GaN interface.

Nevertheless the InN further away from the interface shows very high quality as

seen from the good FWHM of 97 arcsec of the InN (0002) Bragg reflex. The film

deposited on silicon (111) utilizing a thin 80 nm AlN Buffer does not show such
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Figure 8.2: 2θ−ω XRD scans of (0002) InN Bragg reflex of the 2 µm film on GaN/sapphire

and the 1 µm film on Si(111) with a 80 nm AlN Buffer.

nucleation related feature, nevertheless it does not show a as good FWHM of 101

arcsec for the InN (0002) reflex. As presented by Cimalla et al. it takes a thickness of

abut 1 µm to reduce the density of dislocations to a static level and thus to stabilize

the carrier concentration at a low level.[77] From the analysis of the A1(LO) together

with the slightly broader XRD peak it seem this limits is not reached for the sample

on Si

In conclusion both thick films show a high crystalline quality but even though the

nucleation on GaN introduced significantly more strain compared to the growth on

Si(111) utilizing an AlN buffer, the 2 µm film on GaN/sapphire shows the lower free

carrier concentration and the smaller FWHM in XRD, indicating better crystalline

structure.

8.2 Band gap of HPCVD InN and InGaN

To establish the band gap bowing parameter in HPCVD grown InGaN and to allow

for extrapolation of the band gap of InN in the following the band gap of InGaN films

with a wide range of composition is investigated. From the evolution of the band

gap in the InGaN a band gap for InN significantly below 1 eV can be extrapolated.

A set of InGaN films with high In contents between 100% and 30% have been

deposited at a reactor pressure of 15 bar. The V/III-ratio was set to 1250 for all

but the film with 60% Ga, where it was 2000. Growth temperature was 876Â◦C.

The compsition of the films has been determined utilizing XRD diffraction. The

optical transmission was measured and the absorption calculated from comparison
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with reference transmission measurements on each substrate. In Fig. 8.3 the squared

measured relative absorption of the sample with 60% Ga is depicted.

Figure 8.3: Absorption edge measured by optical transmission spectroscopy for an

In40Ga60N layer.

The absorption has been squared to account for the parabolic behavior of the bands

around the Γ-point and the absorption edge has been determined by linear extrap-

olation. The light beating seen in the transparent region of the spectrum is due to

slight variations in thickness over the substrate, dividing the measured spectrum by

the reference, measured on a different position of the substrate, leads to this artificial

beating. The decrease of the absorption at the energetic position of the band edge

of GaN is as well an artificial effect of the mathematical procedure.

The same procedure has been applied for all the samples of the series and the

absorption edges have been determined. For GaN the accepted literature value

of 3.46 eV has been used and for InN the value of 0.7 eV has been used for the

determination of the bowing parameter. The resulting dependency of the absorption

edge on the material composition is depicted in Fig. 8.4.

The data has been fitted utilizing a linear approach similar of Vegards’s law with a

quadratic bowing expansion

Eg = EGaN · x+ EInN · (1− x)− bx · (1− x) (8.1)

with the gallium concentration 0 < x < 1 and the bowing parameter b. For this set

of HPCVD grown samples a band gap bowing of 1.68 eV has been found, which is in

good agreement with the results from Sakalauskas et al. who found for the energy
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Figure 8.4: Dependency of optical absorption edge on composition of InGaN for HPCVD

grown epilayers

of the A-excitons tranasition EA a bowing parameter of 1.65± 0.07eV .[78]

The sample with 12% gallium shows a rather high band gap with regard to the found

dependency. This is likely an effect of increased free carrier concentration. Such high

free carrier concentration leads to a increased absorption edge due to Moss-Burstein

shift in partly degenerated semiconductors. This increased free carrier concentration

will be examined in the next section.

8.3 Residual free carrier concentration

In order to understand the deviation of the InGaN film with the highest In content

from the found band gap dependency the free carrier concentration of the InGaN

films is analyzed. The found free carrier concentration makes it likely that the band

gap found in HPCVD grown InN is still shifted to higher energies due to increased

carrier concentration. To produce further evidence for the position of the band gap,

HPCVD grown InN photoluminescence is compared to that of the in section 8.1

presented high quality MBE grown films.

The samples presented in the Sec.8.2 have been investigated by Fourier transformed

infrared reflection spectroscopy in order to access properties such as free carrier

concentration and mobility. Fig. 8.5 shows a typical FTIR spectrum of an HPCVD

grown InGaN film grown on a GaN template. The red curve shows the experimental
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Figure 8.5: Measured IR reflection spectra and multi-layer stack model simulation results

for the InGaN film with 60% Ga.

results and the blue curve is the result of the multilayer stack model utilizing the

presented dielectric model function. The strong Fabry-Perot oscillations are formed

in the GaN tamplate. The increased reflection below 2000 cm−1 is due to the free

electrons. The increased reflectivity above 2200 cm−1 is due to the upcoming of the

first Fabry-Perot oscillation in the InGaN layer.

The fitting parameters of the presented FTIR simulation are given in table 8.1. This

template is composed of two layers, the first was grown by MOCVD to produce a

high crystalline quality, smooth surface, the second was consecutively grown by

HVPE.

Table 8.1: Parameter for fitting of FTIR (Fig. 8.5), with layer thickness d in nm, high

frequency dielectric constant ε∞, plasma frequency ωp, plasma damping Γ, the

LO and TO phonon frequencies ωLO, ωTO, the phonon damping γ in all in cm−1,

carrier mobility µ in cm2V −1s−1, and the free carrier concentration n in 1018cm−3

Layer d ε∞ ωp Γ ωLO ωTO γ µ n

i−GaN 1600 5.04 0 0 740 560 2 − −
n−GaN 3670 5.2 391 387 738 559 3 120 1.77

InNbulk 550 5.7 780 800 590 490 15 130 3.48

The first GaN layer shows intrinsic properties and the HVPE layer shows n-type

properties.
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Figure 8.6: Variation of carrier concentration with composition of HPCVD grown InGaN

In Fig. 8.6 the free carrier concentration depending on the materials composition is

depicted. As the band gap narrows for high indium contents, the carrier concen-

tration rises. It reaches a maximum for the sample with 12% Ga in InN. For the

InN film the carrier concentration is again lower, this is likely a result of improved

crystal quality with less structural defects when no gallium is incorporated.

Especially in In-rich InGaN and InN the residual carrier concentration is rather

high. In InGaN it is likely increased due to formation of defects and grain bound-

aries caused by stain and possibly the onset of some phase segregation or spinodal

decomposition. In InN the origin of high residual free carrier concentration is still

under discussion. It has been proposed by P. D. C. King et al. to be a result of the

high Fermi level stabilization energy in the conduction band, leading to preferred

formation of donor type defects. The proposed Fermi level stabilization energy fairly

matches the formerly proposed value of the band edge.[79] The source of the free

carriers in InN has been studied extensively and hydrogen impurities in interstitial

as well as substitutional lattice positions for example on nitrogen sites, nitrogen

vacancies and unintentional dopants such as oxygen, silicon, and carbon have been

identified as sources for n-type conductivity.

The assumption that the reduced free carrier concentration in the InN sample com-

pared to In-rich InGaN to be related to defects is supported by the reduced mobility

found for the indium rich InGaN. The mobility of the samples as function of the

composition is depicted in Fig. 8.7.

A significantly reduced mobility is found for the indium rich samples compared to

InN as well as to the gallium rich samples. This is a sign of increased scattering of
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Figure 8.7: Measured carrier mobility depending on composition of InGaN grown by HPCVD

the carriers with each other and with structural defects.

For the InGaN films no photoluminescence could be measured. This can be under-

stood taking the increased defect density into account. This structural defects are

very efficient non-radiative recombination centers.

In InN photoluminescence was measured with a wide spread of photon energies,

depending on the growth conditions and free carrier concentrations. For carefully

improved growth conditions with improved structural quality the carrier concentra-

tion in HPCVD grown InN decreased to the 1018cm1−3 range. For such samples

photoluminescence spectroscopy has been applied to further support the found band

gap values. In Fig. 8.8 photoluminescence measurements of InN samples grown by

different techniques are depicted.

The increased noise in the range of 0.67 eV is a result of strong absorption lines due

to moisture in the air, even though the spectrometer was purged with nitrogen due

to the length of the beam path this absorption could not be entirely suppressed.

The shoulder in the spectrum of the thinner HPCVD sample at 0.9 eV as well

can be attributed to absorption features in the ambient, due to the much lower

spectral resolution of the used micro setup compared to the system utilized for

the measurements on the MOCVD and MBE samples the absorption lines were

broadened and overlapping, in consequence they show up as one broad shoulder

with very little structure.

The plot shows PL spectra from different InN films grown by HPCVD, MOCVD,

and MBE on GaN templates. Two HPCVD grown InN samples are shown, one

thinner samples with a rather rough surface in green and one thicker sample with a
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Figure 8.8: Comparison of the luminescence of InN films grown by different techniques

smoother surface in light blue. The first sample shows a broad luminescence band

ranging from 0.65 eV up to more than 1 eV. The second sample, which is thicker and

has a better structural quality in comparison, only showed luminescence up to 0.8

eV. The low energetic cut-off in the spectrum of the second sample is likely caused

by the used germanium detector, which has a sharp low energetic cut-off at o.77 eV.

For comparison a samples grown by common MOCVD in a commercial Aixtron low

pressure MOCVD is shown in dark blue. In red and black the two samples grown

by MBE on GaN are shown. The red sample is the thinner and the black one is the

2µm thick film of InN presented in section 8.1.

With increasing crystalline quality the emission is shifted towards 0.67 eV. This is

caused by decreased free carrier concentration. As pointed out earlier the growth

by CVD usually leads to higher unintentional background doping. As shown by

S. Ruffenach et al. one of the main sources for this residual carrier concentration

in MOCVD grown InN, is the incorporation of hydrogen into the InN. The hydro-

gen in the lattice can be reduced by annealing the films in a nitrogen atmosphere

which reduces the carrier concentration by up to an order of magnitude. Subsequent

annealing in an ammonia atmosphere can restore the initial carrier concentration.

The reduction of the residual hydrogen in the lattice and thus the carrier concen-

tration shifts the PL significantly towards the observed band edge in MBE grown
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samples.[80]

Figure 8.9: PL spectrum MBE grown InN on GaN templates and Si with different thicknesses

Furthermore it has been shown by Cimalla et al. that the carrier concentration of

InN films grown on GaN or AlN buffer layers depends on the film thickness. This

is argued to be a result of the reduction of dislocations with film thickness.[77] For

very thin films the carrier concentration is dominated from the electron accumulation

layer at the surface and from the high density of structural defects such as threading

dislocations. The dislocation density reaches a static value for thicknesses of above 1

µm. In Fig. 8.9 the luminescence of the MBE grown InN films, presented in section

8.1 are depicted separately.

In agreement with the results reported by Cimalla et al. the luminescence energy

decreases in the thickest sample to 0.67 eV and the FWHM of the PL comes down

to 16 meV. The line shape of the luminescence becomes almost Gaussian for the

thickest sample. The thinner films show a distinct asymmetry, the maximum is

shifted to higher transition energies and a low energetic tail is observed.

To explain this observed change in the shape of the luminescence, in the follow-

ing the focus will be on the thick 2 µm film. To achieve a deeper understanding

of the observed luminescence, excitation, temperature, and polarization dependent

PL measurements were carried out for this film. In order to assess the origin of
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the luminescence and to understand the recombination mechanism in Fig. 8.10 the

dependency of the PL on the Excitation power density is depicted. The measure-

ments were performed in back-scattering geometry and the laser was attenuated by

neutral density filters. The laser has been focused utilizing a 50 mm bi-convex lens.

After each change in attenuation the beam path has been optimized for maximum

signal. To make sure no structural damage in the sample occurred, the measure-

ments were started with lowest excitation power density, at the end of the series of

measurements the one with lowest power density was repeated, and no change in

the luminescence has been found. The sharp spikes in the spectra taken at higher

excitation density are artifacts from changing the sensitivity of the lock-in amplifier

during the measurement.

Figure 8.10: Excitation density dependent PL measurements on a 2 mum thick MBE grown

InN on a GaN/sapphire template.

For low excitation power density the luminescence maximum is found at 0.67 eV

with a FWHM of 16 meV. With increasing excitation density the peak first broadens

towards the low energy side up to an excitation power of 5 mW. This is caused by

beginning of renormalization of the band gap for increased carrier densities induced

by the laser excitation. With further increased excitation power the high energetic

side increases in intensity and a second peak on the lower energetic side starts to

rise at 0.6 eV. The distance of about 70 meV matches the phonon energy of 73 meV
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fairly well. This peak is possibly the -1LO phonon replic of the luminescence. At

about 150 mW excitation power the maximum of the luminescence begins to shift

to higher energies and two additional small peaks occur on the lower energetic side

at about 0.63 eV and 0.57 eV. The periodicity of the new peaks can be understood

as upcoming of Fabry-Perot oscillations as the material gets pumped stronger and

the absorbing defects are increasingly saturated. For increased excitation beyond

500 mW no change in the luminescence is observed. The strong broadening of the

luminescence towards higher energies indicates a strong band filling caused by the

increased Fermi level. The luminescence shape becomes for high excitation densities

more and more similarities to the PL of the thinner samples.

Next the temperature dependency of the observed photoluminescence will be inves-

tigated. In Fig. 8.11 temperature dependent PL measurements are depicted. The

excitation density has been set to 15 mW in order to see the temperature dependence

of the lower energetic peak too.

Figure 8.11: Temperature dependent PL spectra of a 2 mum thick InN film on GaN/sapphire

template grown by MBE

At 4.5 K the maximum intensity is observed at 0.673 eV. The maximum is slightly

shifted to lower energies with respect to the Gaussian shaped fit of the luminescence.

A shoulder on the lower energetic side including the peak at 0.6 eV and extends down

to 0.57 eV. With increasing temperature at 11.5 K the maximum first shifts by about
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1 meV to higher energies and the intentisity decreases by about 1%. The shift of

the maximum relative to a Gaussian fit of the luminescence disappeared. Up to 23

K the shape and intensity of the luminescence does not change significantly. At 30

K the maximum of the luminescence is shifted by another meV to higher energies

and an increase of the FWHM is observed. The peak intensity is 16% lower com-

pared to the measurement at 11.5 K. From 40 K on the maximum of the intensity

is monotonously shifting to lower energies. The line shape deviates increasingly

from the Gaussian shape. At temperatures above 60 K clearly two mechanism of

luminescent recombination can be seen. The lower energetic component is shifting

further to lower energies likely following the evolution of the band gap. The po-

sition of the higher enrgetic component is staying stable at 0.69 eV. Even though

both components lose intensity they can still be observed at the highest measured

temperature of 225 K. For higher temperatures the luminescence intensity decreased

further and could not be detected anymore. The higher energetic component of the

luminescence at higher temperatures is interpreted as recombination of electrons at

the Fermi edge with holes in the valence band, whereas the lower energetic transition

follows the reduced band gap.

Figure 8.12: PLE results of the band edge luminescence of the 2 mum InN film deposited

by MBE on a GaN/sapphire template

In order to examine the origin of the observed features photoluminescence excita-
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tion experiments are performed. In Fig. 8.12 the measured excitation spectra are

depicted. The measurements are performed at 7 K sample temperature. For the

excitation a tungsten lamp filtered by a two stage monochromator system is used.

The outlet slit of the monochromator is projected onto the sample giving a rather

wide spot of excitation. As a result of this the excitation density and thus the signal

level was low. Nonetheless it was possible to clearly detect the luminescence of the

sample.

Figure 8.13: Comaprison of edge emission and surface emission of PL an the 2 mum InN

film

In the plot (Fig. 8.12) there are two PL spectra shown, one taken under a shallow

excitation angle (black), detecting the emission mainly from the surface, and one

taken under almost normal incidence of excitation and detecting the emission mainly

from the edge of the film (green). Nevertheless in both geometries due to limitations

of the used PLE setup contributions from both facets are seen. Due to low signal

the slits of the excitation as well as the detection were wide open reducing the

spectral resolution and broadening the spectra. The measured excitation spectra for

detection energies between 0.666 eV and 0.639 eV are seen in the upper right part.

The detection energies are marked by vertical lines and are color coded according

to their excitation spectra. The Fermi edge in this sample at 7 K is found at 0.69

eV where the excitability of the luminescence rapidly decreases, caused by a lack of
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empty states for the excitation. Independently of the detection energy no further

excitation channels below the Fermi edge are observed.

To understand the origin of the different observed PL maxima experiments in dif-

ferent geometries were performed. The sample was mounted in a liquid helium bath

cryostat so that it could be rotated to allow for detection of the luminescence per-

pendicular as well as parallel to the c-axis. The photoluminescence was measured

in backscattering geometry at a temperature of 1.8 K with 1 W excitation power at

488 nm. In Fig. 8.13 the measured spectra are shown.

At this rather high excitation density compared to the PLE experiments the edge

emission looked very different from the spectra found in the PLE setup under dif-

ferent geometries. From the surface of the sample a similar luminescence as in the

excitation (Fig. 8.10) and temperature (Fig. 8.11) dependent measurements is ob-

served. The maximum of the luminescence is found at 0.6724 eV. The low energetic

tail as well as some weak signal on the high energetic side are observed. In the edge

emission the maximum is found at 0.7067 eV. A steep edge is observed on the high

energetic side of the luminescence where as the low energetic flank shows low slope

to about 0.67 eV. At lower energies it decreases with higher slope down to about

0.6 eV. The distinct low energetic peak at 0.6 eV is not found in this geometry.

The position of the maximum in edge emission matches the energetic position of

the C-exciton predicted by Goldhahn et al. and the strong shoulder at about 0.67

eV would match the position of the B- and A-exciton.[81] The geometry they are

observed in would as well match the symmetry of the transitions into the according

valence bands.

In order to support such identification, polarization dependent measurements of the

edge emitting PL were performed. In Fig. 8.14 the results of edge emitting PL

measurements with E parallal to the crystals c-axis and E perpendicular to it are

shown.

No significant polarization of the emitted light has been found. If the high energetic

luminescence would be due to recombination with the C-exciton a polarization along

the c-axis is expected. Since no reduction of the high energetic component has been

found for the perpendicular polarized detection, it is more likely that the emission

originates from different processes. The luminescence could well originate from the

defect rich volume close to the interface to the GaN template, which would explain

the similarity in shape to the luminescence of the thinner films with higher defect

density and increased free carrier concentration.

Finally the luminescence from the high quality MBE grown film is compared to the

luminescence found in the highly doped GaN films.
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Figure 8.14: Polarization dependent PL emission from the edge of the 2 mum InN film

8.4 Comparison with highly doped GaN

Plotting the edge emission PL from the thick InN sample as well as the high excita-

tion density PL from the surface together with the PL from the highly Ge doped

GaN film with 6 · 1019 cm−3 (Fig. 8.15), reveals strong similarities in the line shape

of both. For such highly doped, degenerated films, where the electron density has

been increased up to the point where the electron Fermi level shifts into the con-

duction band, Feneberg et al. described the recombination mechanism by Mahan

excitons.[82] This are formed by a hole experiencing coulomb interaction with the

electron lake in the conduction band, depicted in Fig. 8.16.

As depicted in Fig. 6.9 the photoluminescence broadens heavily as the free carrier

concentration increases beyond the Mott density. Once the semiconductor is in this

degenerated state mainly the high energetic side starts to grow more intense, the

line shape becomes increasingly asymmetric. A similar picture is seen in Fig. 8.9.

Here the free carrier concentration as well leads to a very strong broadening of the

luminescence as the carrier concentration increases due to reduced thickness or as

a result of increased incorporation of unintentional dopants from the metal-organic

precursors. This observation and the similarity in the line shape of the observed InN

photoluminescence to the one of the high doped GaN samples leads to the conclusion

that even the sample with the highest crystalline quality is still degenerated.

The Mott density in InN has been reported by Inushima et al. to be at about
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Figure 8.15: Comparison of PL spectra of highly silicon doped GaN with edge emission of

high quality InN. The measurements were PL setup at 5 K sample temperature.

2 · 1017cm−3.[83] For the 2 µm thick film, showing the best crystalline structure and

lowest A1(LO) Raman mode position, the carrier concentration at low temperature

is in the range of the Mott density. As the temperature or excitation density is

increased broadening occurs rapidly and additional luminescence mechanism can be

observed. High power density as well as edge emission PL shows strong contribu-

tions from the nucleation and buffer layer with increased carrier concentration. The

observed luminescence fits well with proposed Mahan type like excitonic lumines-

cence.

In this light the slight asymmetric shape of the lowest temperature PL in Fig. 8.11,

with maximum of luminescence below the Fermi edge, could be a first indication

of a excitonic structure with a very low binding energy on a shallow donor. The

spectra at higher temperature show the renormalization of the band gap in the lower

energetic peak and some luminescence at higher energies which can be interpreted as

the recombination of electrons from the Fermi edge with holes from the conduction

band or in other words due to Mahan excitons. The additional very weak transition

at about 0.6 eV is likely to be either the -1LO phonon replica, or is linked to acceptor

type like states similar to those assumed from Feneberg et al.

The excitation power dependent measurements in Fig. 8.10 in this context can be

understood as followed: For low excitation density it is dominated from excitonic
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Figure 8.16: Schematic band diagram of a highly degenerated semiconductor after Feneberg

et al. Depicted are the Fermi energy, the band gap energy and the energy of

the renormalized band gap and optical transitions from the conduction band

into an acceptor level and the valence band.[82]

transitions close to the band edge, as the excitation density increases the band gap

starts to renormalize and the luminescence shifts to lower energies, at the same

time due to the increased carrier concentration filling of the conduction band sets

in. This leads to a broadening of the luminescence. At 15 mW the luminescence

attributed to the -1LO process or to acceptor type like states occurs. For excitation

powers above 50 mW the Fermi edge shifting becomes obvious and at the Fermi

edge, due to increased scattering, a singularity is formed. This singularity induces

a strong enhancement of the optical matrix element leading to strongly enhanced

luminescence, as described by Feneberg et al.[82]

In summary it has been shown that all thinner InN samples investigated still have a

free carrier concentration where the Fermi level is still in the conduction band. Even

though almost no strain is found to be introduced in the sample grown on silicon, it

still shows a free carrier concentration above the degeneration limit for a thickness

of the film of 1 µm. They show luminescence of a degenerated semiconductor, very

similar in shape to those of intentionally highly doped GaN for example. For the

thickest investigated InN the carrier concentration is around or slightly below the

transition towards a degenerated semiconductor. The degeneration can be observed

as the excitation density or the temperature is increased. The optical band gap at



100 8. Optical and electrical Properties of indium rich InGaN and InN

low temperature in this sample is found to be at or slightly below 0.669 eV, which is

in good agreement with values currently accepted in literature. Further investigation

has to be carried out to identify the origin of the observed luminescence in order to

identify the effect of possible exciton binding energy contribution on the observed

energetic position of the luminescence. This would allow for determination of the

exact position of the band gap beyond all doubt.
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The research presented in this thesis was focused on exploring the growth parameter

window of InN and indium-rich InGaN epilayer by high-pressure CVD as well as on

the structural and optical characterization of group III-nitride epilayers grown by

various deposition techniques.

Even though low-pressure MOCVD and MBE are the two most common deposi-

tion techniques for the growth of group III-nitride semiconductors, the encountered

limitations in stabilizing indium-rich group III-nitrides at optimum processing tem-

perature requires the exploration of alternative deposition techniques. In this thesis,

the growth of InN and indium-rich InGaN epilayer by superatmospheric MOCVD

(also denoted HPCVD) with reactor pressures from 1 to 20 bars has been explored.

Studies on the influence of the reactor pressure on the growth temperature showed

a linear dependency of the achievable growth temperature with a slope of 6.6◦C per

bar, increasing the growth temperature for InN up to 875◦C for a reactor pressure

of 19 bars. This increase in growth temperature drastically decreases the growth

temperature gap between the binaries InN and GaN, enabling the stabilization of

ternary III-nitrides and the embedding of indium-rich alloys into wide band gap

III-nitrides. The advantage however comes with a price, as the increasing reactor

pressure reduces the growth rate at a rate of 5.56 nm per hour and bar due to the

pressure dependent diffusion rate and the shrinking surface boundary layer above

the growth surface leads to a higher loss of not incorporated precursor material. For

InN the growth rate decreases from 125 nm/h at atmospheric pressure to about 25

nm/h at 19 bar. A further challenge is the adduct formation between the ammonia

fragments themselves and with metalorganic group-III precursor fragments above

the growth surface with increasing gas phase density. Those can be minimized

if not avoided by separating the precursors in time by a pulsed injection system.

The discussed results of InN and InGaN growth by HPCVD demonstrate its viabil-

ity and the need for a more detailed investigation that will allow the extension of

the present low-pressure MOCVD concept towards the superatmospheric pressure

growth regime and thus enable ultimately the integration of InN and In-rich layers

into wide band gap materials such as GaN and InGaN containing significantly less

Indium.

The structural properties of the group III-nitride alloys studied in this thesis have
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been analyzed by Raman spectroscopy and X-ray dffraction. For the optical and

electrical characterization photoluminescence, optical transmission measurements

and Fourier transformed infrared reflection (FTIR) spectroscopy were applied. The

physical principles of the characterization techniques have been detailed and the

theoretical basics were presented.

In order to understand the influence of specific growth parameters on the physi-

cal properties of InN and InGaN layers grown by HPCVD, series of InGaN layers

with systematic variations of one process parameters at a time were grown, their

structural and optoelectronic properties analyzed and correlated to the processing

conditions.

The influence of the separations of the precursors in the reaction zone has been

extensively studied by varying the duration of the injection of each precursor as

well as the separation between the different precursor. As detailed in this thesis,

the growth rates at given growth conditions are limited by the nitrogen incorpora-

tion. The growth rate almost doubled as the exposure time of the growth surface to

ammonia per cycle was increased from 1 s to 2.5 s. At the same time the local struc-

tural ordering in the layers improved for longer ammonia exposures, as indicated

by Raman and AFM results. The long-range epitaxial ordering analyzed by XRD

shows little or no change with respect to the exposure times. The results indicate

that for the growth of InN epilayers, the precursor separation from the ammonia

to the following metalorganic precursor pulse has to be around 350 ms, while for

InGaN a larger precursor separation is required in order to incorporate gallium into

the lattice. The understanding of this phenomenon is the object of ongoing studies.

The growth of In1−xGaxN by HPCVD has been explored from InN to In0.37Ga0.63N

using a simultaneous injection of the two metalorganic precursors. The results from

several series varying growth temperature, V/III molar precursor flow ratio, and

precursor separation timing showed that single phase InGaN can be fabricated if

growth temperature and precursor separation timings are proper adjusted. InGaN

layers with nominally 35% Ga in InGaN exhibit good crystalline quality for a V/III

ratio of 2000. A higher incorporation of Ga was observed for a V/III ratio of 3000,

however the XRD results show already a degradation of the structural quality for

this V/III ratio. The optimization study for InGaN with nominally 60% Ga content

revealed a optimum growth temperature of 925◦C at 15 bar. The optical properties

of the InGaN samples grown by HPCVD were studied by optical absorption spec-

troscopy. The layer thickness and the free carrier concentration of those films were

analyzed by FTIR spectroscopy utilizing a multi layer stack simulation model and a

fitting program. The results show that the free carrier concentration increases with

increasing indium concentration.

To identify and clarify the optical absorption edge position as well as the bandgap of
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InN, the luminescence properties of HPCVD, MOCVD and MBE grown InN layers

were investigated. The observed shift of the polar A1(LO) Raman mode to lower

wave numbers with increasing film thickness in the high quality MBE grown InN

layers indicates a reduced carrier concentration. This is in good agreement with

PL studies on the same layers where the observed effective band gap widens and

the PL shifts accordingly to higher energies in the thinner films. The PL peak

emission energy decreases with increasing layer thickness, with the lowest observed

PL emission found at 0.669 eV, exhibiting a FWHM of 15.9 meV for a 2 µm thick

MBE grown InN layer, when measured at the lowest excitation density. Further

excitation density and temperature dependent measurements were performed on

that sample to investigate the origin of the observed photoluminescence. In addition

photoluminescence excitation spectroscopy measurements were performed but no

significant excitation channels were found below the Fermi edge.

To study the extent of doping levels possible and the effects of high doping concentra-

tions in compound semiconductors on the structural and optoelectronic properties,

GaN was investigated as a model system. Silicon and germanium were utilized as

n-type dopants. GaN layers doped with the commonly used silicon were compared

with layers doped with germanium to the same carrier concentration. The results

showed that doping with germanium can achieve significantly higher free carrier

concentrations of up to 2 ·1020 cm−3 compared to silicon doping. Furthermore, high

levels of silicon doping introduce strong tensile strain, leading to deterioration of

the crystalline quality and to strong self compensation. Silicon doped GaN layers

with carrier concentrations of above 2 · 1019 cm−3 exhibit the formation of silicon

rich islands that are surrounded by heavily etched areas showing no effects of silicon

doping. In contrast, germanium doped GaN layers with doping levels of up to 2·1020

cm−3 show no strain and structural degradation within the layers, they exhibit a

homogeneous free carrier concentration distribution, and maintain a smooth surface.

Results of photoluminescence spectroscopy confirm the shifting of the Fermi edge

into the conduction band with increasing doping level for both dopants, silicon and

germanium. However, highly silicon doped GaN layers show a strong self compen-

sation effect, which is seen in the reduced shift of the Fermi edge. In contrast no

significant compensation was found in highly germanium doped GaN films which

even at the highest doped layer displays excitonic features. Those are interpreted

as Mahan exitons, formed from a free hole in the valence band interacting with the

whole electron reservoir in the conduction band, due to the asymmetric density of

holes and electrons in the GaN crystal structure.

The structural properties of wurtzite InN crystals have been investigated by Ra-

man spectroscopy and the properties were linked to the appearance of the observed

Raman modes. Similar as the highly doped GaN high-quality InN films exhibit
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longitudinal-optical phonon-plasmon coupling. A reduced free carrier concentration

is found for increasing film thickness. The phenomenon of coupled longitudinal-

optical phonon-plasmon modes enables contact free determination of free carrier

concentration within InN and GaN layers by Raman spectroscopy.

In an attempt to identify the different expected excitons from the A-, B-, and C-

valence bands in wurtzite-structured materials the edge emission of the thickest InN

sample was investigated and compared with the emission from the surface. Due to

the different symmetries of the A-, B-, and C-valence bands changes in the line shape

were expected. A significantly broadened emission was found from the edge, and

the found separation of the features would match the splitting for the A-, B-, and C-

excitons predicted by Goldhahn et al.[81], but polarization dependent measurements

did not support this identification. The observed PL emission from this InN layer has

been compared to luminescence from highly doped, degenerated germanium doped

GaN. Since the luminescence in this degenerated semiconductors is dominated by

Mahan excitons luminescence can be observed over a broad band, ranging from

the renormalized band gap up to the photon energy of the recombination from

electrons at the Fermi edge and holes in the conduction band. The intensity of the

high energetic recombination is highly enhanced due to the formation of a Fermi

edge singularity resulting in enhanced scattering of electrons leading to a strong

enhancement of the optical matrix element for the recombination including electrons

at the Fermi edge. It is concluded that even the InN film with the highest crystalline

quality still shows a free carrier concentration in the range of the Mott density.
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Chem. Mater., 2012, 24 (10), pp 1771-1778 (2012).

(04)* Observation of NH2 species on tilted InN(01-11) facets

A. R. Acharya, M. Buegler, R. Atalay, N. Dietz, B. D. Thoms, J.S. Tweedie

and R. Collazo

J. Vac. Sci. Technol. A 207(4) pp.041402-5 (2011).

(05)* Growth temperature and growth rate dependency on reactor pres-

sure for InN epilayers grown by HPCVD

M. Buegler, S. Gamage, R. Atalay, J. Wang, M. K. I. Senevirathna, R. Kirste,

T. Xu, M. Jamil, I. Ferguson, J. Tweedie, R. Collazo, A. Hoffmann, Z. Sitar,

and N. Dietz

Phys. Stat. Sol. C 8, 2059-2062 (2011).



106 10. Publications

(06)* Reactor pressure - growth temperature relation for InN epilayers

grown by high-pressure CVD

M. Buegler, S. Gamage, R. Atalay, J. Wang, I. Senevirathna, R. Kirste, T.

Xu, M. Jamil, I. Ferguson, J. Tweedie, R. Collazo, A. Hoffmann, Z. Sitar, and

N. Dietz

SPIE Vol. 7784, doi: 10.1117/12.860952 , paper 77840F-1-7 (2010).

(07)* The effects of V/III molar ratio on structural properties of In0.65Ga0.35N

layers grown by HPCVD

G. Durkaya, M. Buegler, R. Atalay, I. Senevirathne, M. Alevli, O. Hitzemann,

M. Kaiser, R. Kirste, A. Hoffmann, and N. Dietz

Phys. Stat. Sol. (a) 207(6), pp.1379-1382 (2010).

(08)* Growth temperature - phase stability relation in In1−xGaxN epilay-

ers grown by high-pressure CVD

G. Durkaya, M. Alevli, M. Buegler, R. Atalay, S. Gamage, M. Kaiser, R.

Kirste, A. Hoffmann, M. Jamil, I. Ferguson and N. Dietz

Mater. Res. Soc. Symp. Proc. 1202, paper 1202-I05-21, pp.1-6 (2010).

(09)* Optical and structural properties of InN grown by HPCVD

M. Buegler, M. Alevli, R. Atalay, G. Durkaya, I. Senevirathna, M. Jamil, I.

Ferguson, and N. Dietz

Proc. of SPIE Vol. 7422 pp.742218-1-6 (2009).

(10) Gain mechanisms in field-free InGaN layers grown on sapphire and

bulk GaN substrate

M. Dworzak1, T. Stempel Pereira, M. Bügler, A. Hoffmann, G. Franssen, S.
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