
Towards high electron mobility in GaN (0001) basedInGaN and AlGaN heterostructures

Dissertationzur Erlangung des mathematisch-naturwissenschaftlichen Doktorgrades
"‘Doctor rerum naturalium"’

der Georg-August-Universität Göttingen

vorgelegt vonDaniel Broxtermannaus Georgsmarienhütte

Göttingen, 2011



D7
Referentin:Prof. Dr. Angela Rizzi
Korreferent:Prof. Dr. Andreas Hangleiter
Tag der mündlichen Prüfung: 28.10.2011



Dedicated to my family.



This page intentionallyleft blank.There is absolutely no text here.



C O N T E N T S
i background of experimental methods1 molecular beam epitaxy of iii-nitrides1.1 Growth of III-nitrides . . . . . . . . . . . . . . . . . . . . . . . . 71.1.1 Historic development . . . . . . . . . . . . . . . . . . . 71.1.2 MBE setup . . . . . . . . . . . . . . . . . . . . . . . . . 81.1.3 Advantages and challenges of III-N growth by MBE . 111.2 Surface processes during MBE growth . . . . . . . . . . . . . 131.3 Two dimensional growth modes . . . . . . . . . . . . . . . . . . 171.4 Gallium and indium bilayer . . . . . . . . . . . . . . . . . . . . 231.5 MBE growth conditions for III-nitrides . . . . . . . . . . . . . 251.5.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . 261.5.2 GaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261.5.3 AlGaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271.5.4 InGaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292 rheed2.1 Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332.1.1 Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . 352.1.2 Reconstructions . . . . . . . . . . . . . . . . . . . . . . . 362.1.3 Indication of directions . . . . . . . . . . . . . . . . . . 382.1.4 Spacing between reflexes . . . . . . . . . . . . . . . . . 392.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402.2.1 RRS: RHEED Radar Scans . . . . . . . . . . . . . . . 402.2.2 Growth rate by RHEED oscillations . . . . . . . . . . 402.2.3 Determination of stoichiometry and III/V ratios . . . . 422.2.4 Monitoring metal bilayer desorption . . . . . . . . . . 433 two dimensional electron transport in iii-nitrides3.1 2D carrier confinement in III-nitride heterostructures . . . . . 453.2 Mobility and elastic scattering mechanisms . . . . . . . . . . 493.3 Hall effect: A brief reminder . . . . . . . . . . . . . . . . . . . . 523.4 Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . 543.4.1 Shubnikov-de Haas oscillations . . . . . . . . . . . . . 553.4.2 Weak localization . . . . . . . . . . . . . . . . . . . . . 583.4.3 Classical influence of scattering potentials . . . . . . . 60summary of the background 65
ii results of growth optimization4 gallium nitride4.1 Substrate pretreatment . . . . . . . . . . . . . . . . . . . . . . . 69



contents
4.2 Optimum growth conditions . . . . . . . . . . . . . . . . . . . . 704.3 Modulated growth . . . . . . . . . . . . . . . . . . . . . . . . . 745 aluminium gallium nitride heterostructures5.1 Growth conditions and structural quality . . . . . . . . . . . . 775.2 GaN/AlGaN heterostructure design . . . . . . . . . . . . . . . 795.3 Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . 825.4 Application: ionic and biochemical sensing . . . . . . . . . . . 875.4.1 Heterostructure modeling . . . . . . . . . . . . . . . . . 895.4.2 Experimental results . . . . . . . . . . . . . . . . . . . . 916 indium gallium nitride heterostructures6.1 Growth conditions and structural quality . . . . . . . . . . . . 956.2 Surface degradation after indium desorption . . . . . . . . . . 1006.3 Indium incorporation determined by RHEED . . . . . . . . . . 1046.4 Heterostructure design . . . . . . . . . . . . . . . . . . . . . . . 1066.5 Magnetotransport results . . . . . . . . . . . . . . . . . . . . . 109summary of optimized growth conditions 117

iii conclusion7 summary, appreciation and outlook7.1 Appreciation and outlook . . . . . . . . . . . . . . . . . . . . . 123
Lab Handbooka lets get growinga.1 Welcome to the sample wash . . . . . . . . . . . . . . . . . . . 127a.2 Where stars are born: The growth chamber . . . . . . . . . . . 128a.3 GaN the Great . . . . . . . . . . . . . . . . . . . . . . . . . . . 129a.4 AlGaN the Almighty . . . . . . . . . . . . . . . . . . . . . . . . 131a.5 InGaN the Terrible . . . . . . . . . . . . . . . . . . . . . . . . . 132b rheed 101b.1 The homebrew software . . . . . . . . . . . . . . . . . . . . . . 135b.2 Smile: How to get a good image . . . . . . . . . . . . . . . . . 137c hot or not: absolute substrate temperaturec.1 Old School: RHEED . . . . . . . . . . . . . . . . . . . . . . . . 140c.2 New school: Band edge absorption . . . . . . . . . . . . . . . 142
bibliography



I N T R O D U C T I O N
Gallium nitride (GaN), aluminium nitride (AlN) and indium nitride (InN) aremembers of the group III-nitrides (III-N), and are binary compounds of agroup three metal and nitrogen. They have a wurtzite crystal structure andbelong to the III-V compound semiconductors, which also include phosphides,arsenides and antimonides. In Figure 0.1 the band gap, which is the funda-mental measure of semiconductors, is compared for all III-V semiconductors.Even at first glance it is clear, that III-N are remarkably versatile materials.All III-nitrides in the wurtzite structure have a direct band gap and coverthe broadest band gap range in all compatible semiconductor systems. Itspans from 6.2 eV for AlN over 3.4 eV for GaN down to 0.7 eV for InN. Theternary compounds InGaN and AlGaN thus continuously cover wavelengthsfrom the near infrared, over the entire visible spectrum up to far ultraviolet.It is foremost this property, but not the only, which has driven the researchand development of this material system.III-N devices are largely based on heterostructures, i.e one material is grownepitaxially on a different material. In many cases, interlayers of ternary III-N
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2 contents
compounds are grown on GaN. This affects the band profile depending onthe band gaps and the polarization of the different materials, giving rise tocertain applications. In optoelectronics for instance, interlayers of materialswith a smaller band gap result in wells which represent the active regionfor recombination. For transistors, the channel between source and drain isbased on carriers accumulated at interfaces due to strong polarization fields.Today, the most prominent applications of III-N heterostructures are inoptoelectronics. Primarily InGaN based devices are found in everyday items,such as laser diodes in Blu-ray players and blue or white LEDs, be it forlighting or as backlights in a TV, laptop or mobile phone. These fields ofapplications are based on the band gap in the visible range of InGaN.Various AlGaN heterostructures devices are on the verge of commerciallaunch, because of their chemical properties in combination with the wideband gap. The bond strengths between Ga-N and Al-N are high, whichallows device operation in hazardous environments. Because of their highmelting points above 2500 °C together with the wide band gap, they aresuitable for high power and high temperature applications. In this segment,AlGaN heterostructure based devices are projected to gain a large marketshare in the near future. Furthermore, the materials are non toxic and arecurrently under investigation for applications as sensors in biology andmedicine.Anyone not familiar with the growth of these materials might assume, thatthe large number of operating and upcoming devices is the result of intensiveresearch, which it is, and of high material quality, which it is not. Thenoble prize winner Wolfgang Pauli referred to semiconductor physics as dirt
physics. In a letter in 1931 he wrote: One should not work on semiconduc-tors, it is a mess, who knows if semiconductors even exist1. This statementaddresses the sensitivity of semiconductors to impurities. Back then, allsemiconductors contained a high number of defects, which compensated semiconducting features. Today, semiconductor physics can be rightfully consid-ered highly clean because much attention is paid to clean environmentsfor device production. Still, III-nitrides are subjected to a high amount ofdefects compared to other compound semiconductors, e.g. GaAs. This makessome basic properties hard to access.This is especially true for InGaN. An example is the band gap of InN, andthus also InGaN, which was not determined precisely until recently. Opticsare mostly apply to characterize this material system and little is knownabout the electrical transport properties. Electrical characterization of, e.g.the spin-orbit coupling, spin lifetimes or the effective mass in InGaN, wouldhowever be of great interest particularly with regard to possible applicationsin spin-transport devices. From AlGaN it is known, that in order to obtainthese parameters from low-temperature measurements of two dimensional

1 Original: ‘Über Halbleiter sollte man nicht arbeiten, das ist eine Schweinerei, wer weiß obes überhaupt Halbleiter gibt’



contents 3
electron gases (2DEGs), the growth of high quality heterostructures withhigh electron mobilities is essential. The focus of this work is thus thegrowth optimization of InGaN based heterostructures and a comparisonof the growth conditions and the transport properties of GaN/InGaN andGaN/AlGaN structures.The growth of high quality GaN/InGaN structures is challenging. The lowermelting point of InN compared to GaN complicates the growth of InGaN andits application in GaN based heterostructures. Furthermore, InGaN has atendency to segregate and the homogeneous and reproducible incorporationof indium is an issue. As for all III-N, the lack of suitable substrates results inthe incorporation of dislocations. III-nitrides can not be pulled from the melt,as they decompose before melting unless very high pressures are applied.III-nitrides are therefore commonly grown on foreign substrates such assilicon carbide and sapphire. This results in the formation of dislocationsbecause of the different thermal extension coefficients and the lattice mis-match between the substrate and the growing material. Dislocations actas strong scattering centers in electronic transport and mainly limit theelectron mobility in optimized GaN/AlGaN structures.The major developments in III-N growth were mainly achieved by metalorganic vapor phase epitaxy (MOVPE) for optoelectronics, by hybride VPE(HVPE) for the growth of quasi-substrates and by molecular beam epitaxy(MBE) for high-electron mobility 2DEG heterostructures. For device pro-duction, VPE is most commonly applied. MBE is only used if high qualityis necessary for device operation and the production rate are comparativelysmall, e.g. in the production of high frequency transistors and LASER diodes.This growth method is, however, a versatile technique which promotes greatadvances in research. It allows for in-situ characterization of growing filmswhich permits a better understand of growth mechanisms.GaN/AlGaN structures with the highest electron mobilities at low-temperaturereported in the literature were grown by MBE. No high mobilities in GaN/In-GaN structures grown by VPE techniques or MBE have been reported. MBEgrowth conditions that are applied for GaN/AlGaN structures might, however,result in high mobilities in GaN/InGaN heterostructures as well. Undertypical MBE pressures III-N materials already decompose above 800 °Cwhich is low compared to other growth techniques. High substrate tempera-tures above 1000 °C are usually needed to produce smooth layers, whichis essential for heterostructure growth. For GaN and AlGaN growth it is,however, well known and understood that metal-rich growth conditions resultin smooth layers at temperatures far lower than applied for other growthtechniques. This makes MBE suitable for InGaN growth, as this materialrequires the lowest growth temperatures of all ternary III-N due to decompo-sition. The impact of metal-rich growth conditions on the electron mobilityin GaN/InGaN structures is therefore studied in this work.



4 contents
The aim of this work is the MBE growth optimization of GaN/InGaN andGaN/AlGaN structures with regard to high electron mobilities at low tem-peratures. Studies of the low-temperature magnetoresistance identify thedominant scattering mechanisms for optimized structures.Part one provides the background to experimental techniques. The MBEsystem and the mechanisms that determine the growth conditions for smoothnitride layers are presented. After a short introduction of reflection highenergy electron diffraction (RHEED), the relevant applications of this in-situmethod for the growth optimization process are explained in detail. Thelast chapter of part one focuses on the electrical characterization. Here,the implications of heterostructure parameters on carrier accumulation andthe impact of scattering mechanisms on low-temperature transport are illus-trated.Part two presents the growth optimization in detail. Separate chaptersaddress GaN, GaN/AlGaN and GaN/InGaN growth in order to determinethe effects of key steps of growth on the structural quality and transportproperties individually. A new method to estimate the maximum incorporableamount of indium by RHEED is presented for InGaN growth. The impact ofthe heterostructure design on the two dimensional carrier confinement is dis-cussed for Ga/AlGaN and GaN/InGaN. The dominant scattering processesfor electronic transport at low temperatures are determined by magnetore-sistance measurements. A section gives the results for the application ofGaN/AlGaN structures as pH sensors.The thesis closes with a review of the achievements of this work comparingthem to state of the art results from the literature. It states the limitationsof MBE growth optimization of III-N and suggest future areas of work.The appendix is mainly directed to people working in the lab. It gives someguidelines and recipes for grown structures. Furthermore, the use of RHEEDin terms of image quality and data acquisition is described. The problem oftemperature measurements in MBE is addressed and it is described howabsolute temperature calibration was realized in this work.
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M O L E C U L A R B E A M E P I TA X Y O F I I I - N I T R I D E S

Epitaxy is the growth of materials where the crystal structure and
orientation of the growing film are determined by a host crystal.
Molecular beam epitaxy (MBE) is an epitaxial growth technique
which is well known for its precise thin film growth and in-situ
monitoring during growth. It is a popular method for the production
of compound semiconductor heterostructures, i.e. the stacking of
layers of different materials. In this section, the background for
MBE growth of III-nitride heterostructures is presented. Specific
challenges that arise for the growth of smooth III-nitride layers
by MBE compared to growth by other epitaxial techniques are
discussed, and ways to meet them are presented. This section
closes with a review on state of the art MBE growth conditions for
high-quality GaN/AlGaN and GaN/InGaN heterostructure growth.

1.1 growth of iii-nitrides
1.1.1 Historic development

Group III-nitrides are used in a range of applications that hardly any othermaterial system can cover. At the same time, the growth of these materials isparticularly challenging. This is best reflected by the historic developmentof the growth of the material system.GaN was first successfully synthesized in 1938 in the form of small crystal-lites [1], but it took until the early 70’s before larger area layers were grownby hydride vapor phase epitaxy (HVPE) [2]. Back then, some basic conceptsof today’s III-nitride applications were already studied, such as LEDs andUV detectors [3]. However, poor crystal quality, a high unintentional n-typedoping from point defects and a low reproducibility quickly reduced theexcitement in those early years.Higher quality material was grown in the mid 80’s. The low-temperaturedeposition of AlN buffer layers on sapphire by Metalorganic vapor phase
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8 molecular beam epitaxy of iii-nitrides
epitaxy (MOVPE) increased the quality of GaN (0001) significantly [4, 5].Soon after, first heterostructures with AlGaN and InGaN were produced. Arapid development followed, which resulted in the first commercial devicesby the mid 90’s [6].All the stated advances in nitride growth were achieved by vapor phasegrowth techniques and none by MBE. This technique was developed inthe late 60’s at the Bell laboratories [7]. It was successfully applied forthe growth of other III-V compound semiconductors such as III-arsenides[8]. The development of GaN growth by MBE was, however, slow comparedto other techniques because of serious challenges that were not overcomeuntil the beginning of this century. Nowadays, some of the best nitrideheterostructures are produced by MBE. The reason for the delayed successlies in the growth technique itself, as will be presented in the followingsections.
1.1.2 MBE setup

The basic setup of an MBE system is illustrated in Figure 1.1. The ideais that separate particle beams supply the pure reactants to a heatedsubstrate where they are adsorbed and incorporated. Effusion cells providethe metals. Here, the materials are placed in ceramic crucibles that areheated by a filament. A material flux is generated at sufficiently high celltemperatures, which depends on the crucible geometry, the cell temperatureand the equilibrium vapor pressure of the source material. The cells canbe shut mechanically to turn the beams on and off. For pressures below10−5 mbar, the mean free path of atoms evaporated from the cells is largerthan the distance between the source and the substrate, which is typicallybetween 30 cm and 50 cm. The materials thus form beams under low pressures.Consequently, MBE needs vacuum conditions and growth takes place in agrowth chamber with reduced pressure.Reactive nitrogen cannot be supplied by thermal evaporation. Pure nitrogenexists only as N2 and is one of the least reactive gases. In order to beused for growth, the molecules need to be excited or broken up. This is notpossible by thermal excitation because of the high N-N bond strength of9.8 eV [9]. Reactive nitrogen is thus produced by the dissociation of nitrogenmolecules under plasma conditions.Plasma sources consist of a crucible to which pure molecular nitrogenis supplied from a gas bottle. A mass flow controller regulates the gasflow. A perforated plate partially separates the crucible from the vacuum ofthe growth chamber. Pressures of 10-100 mbar are generated in this finitevolume, which is excited by a high frequency field at a fixed frequency withvariable power. Under specific power and nitrogen flow conditions, a plasmais generated which produces different types of reactive nitrogen. The ratio ofactivated nitrogen to supplied molecular nitrogen is of the order of 10 % [9].
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10 molecular beam epitaxy of iii-nitrides
will be addressed in Section 1.2.In MBE, the arrival rate of atoms supplied from the cells and the desorptionof atoms from the surface determine the growth rate. Technically achievableeffusion cell temperatures in case of metals and feasible stable plasmaconditions in case of nitrogen limit the deposition rate. For typical MBEgrowth conditions, the growth rates range from 1 µm/h down to 1 monolayerper several seconds. Such low growth rates result in sufficiently high surfacemigration of adsorbed atoms and allow for epitaxial ordering on appropriatesubstrates. However, the rate of contamination from the ambient must be smallcompared to the growth rate in order to produce clean crystals. For typicalMBE growth rates, this requires a base pressure below pbase = 10−10 mbarwhich is the main reason for the technical complexity of MBE machines.The commercial Veeco GEN II MBE system used in this work is shownin Figure 1.3. The ultra high vacuum (UHV) in the growth chamber needsto be maintained even if several samples per day are introduced into thesystem. This is possible with a three chamber setup which does not break theUHV at any time during regular operation1. The substrates are introducedvia a load lock chamber with pressures below pbase = 10−7 mbar. They arethen heated to reduce contaminations and water, condensated from theatmosphere. Afterwards, the substrates are transferred to a buffer chamber

1 growth chamber opened 2-4 times a year for maintenance
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1.1 growth of iii-nitrides 11
with pbase < 10−9 mbar and heated once more before transferred into thegrowth chamber with a base pressure below pbase = 10−10 mbar.During growth, the pressure rises to pgrowth = 10−5 mbar because nitrogen issupplied to the plasma source. This does not conflict with MBE requirements.The higher pressure results from highly pure nitrogen and is no source ofcontamination. Furthermore, the pressure is still low enough to allow for theformation of molecular beams.
1.1.3 Advantages and challenges of III-N growth by MBE

MBE is an excellent technique for the growth of compound semiconductorheterostructures in principle and is remarkably successful in producing highquality III-arsenide structures. MBE grown structures exhibit sharper inter-faces and doping profiles compared to vapor phase epitaxy (VPE) techniques.In VPE, carrier gases supply the reactants that flow over a heated substratein a chamber. In order to switch between different materials, the flowinggases need to be changed. Fast switching between different materials istherefore more difficult than in MBE, where the supply can be shut offmechanically almost instantaneously in the UHV environment. Together witha low growth rate, MBE allows for a precise deposition of heterostructures.In addition, a higher level of security is needed for VPE as some of thecarrier gases are toxic.Another advantage of MBE is that all growth parameters can be controlledindependently. In MOVPE, nitrogen is generated thermally from the carriergas at the growing surface. The nitrogen supply consequently scales with thesubstrate temperature and growth at low temperatures with a high nitrogensupply is not possible. Such conditions are for example desired for highquality InN growth.The UHV conditions in MBE also support in-situ monitoring of the growthprocess by mass spectrometry, ellipsometry or reflection high-energy elec-tron diffraction (RHEED). This allows not only for a precise control of thegrowth but also provides insight into growth mechanisms (see Chapter 2).Vacuum conditions are thus the origin of the advantages of MBE growthcompared to other techniques. Unfortunately, problems arise for the growthof III-nitrides for the exact same reason.From the growth of III-arsenides by MBE and MOVPE, it is well knownthat the optimal growth temperatures for smooth films is about half themelting point of the growing material (see Section 1.3). For GaN witha melting point of 2500 °C [11], this implies growth at temperatures wellabove the decomposition temperature under MBE conditions as is shownin Figure 1.4. The decomposition rate exceeds typical growth rates alreadyabove 800 °C. Higher growth temperatures can only be applied for highernitrogen pressures. For MOVPE, where nitrogen is supplied by ammonia, theNH3 overpressure is typically in the range of bars. This allows GaN growth
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N2 over AlN
N2 over GaN
N2 over InN

Figure 1.4: Equilibrium vapor pressure over substrate temperature for GaN, InNand AlN [12]. The optimum growth temperature at half the melting pointis indicated for the different materials. At typical MBE pressure ofp = 10−5 mbar only AlN can be grown at Topt .
at temperatures above 1000 °C. For MBE growth, such high temperaturescannot be attained because lower pressures are essential for the generationof molecular beams.First attempts to grow high quality GaN by MBE therefore focused on in-creasing the nitrogen pressure. This was achieved by ammonia-MBE whereactive nitrogen is supplied by NH3. High ammonia overpressures resultedin the successful growth of GaN up to substrate temperatures of 950 °C [13].The results were promising, but growth by this technique has its drawbacks.One is that ammonia has corrosive effects on the metals of UHV components.Furthermore, a high level of hydrogen is incorporated into the growing filmfrom the ambient. The growth by MBE with plasma sources is thus morecommonly employed than ammonia MBE.The game changer for MBE growth of III-nitrides was the discovery andexplanation of high quality growth under gallium and indium rich conditionsby adlayer enhanced diffusion (see Section 1.4). This effect allows dropletfree growth and produces high quality GaN (0001) and AlGaN (0001) layersat temperatures below 800 °C.Despite this big improvement, one problem still remains which results fromthe low growth rate in MBE. Nitrides lack of suitable substrates and aretypically grown on foreign substrates such as sapphire (see Section 1.5.1).The grown layers are highly strained because of the large lattice mismatch.This strain reduces by the incorporation of dislocations at the substrate/GaNinterface. The amount of dislocations can only be reduced if they annihilateor leave the growing crystal at its boundaries. For smooth GaN (0001) layergrowth, the dislocations follow the growth direction [14, 15] and a reduction



1.2 surface processes during mbe growth 13
of the dislocation density during growth is small. Growth of rough 3D struc-tures at lower substrate temperatures is thus a common approach in almostall growth techniques to reduce the dislocation density. Here, dislocationscan annihilate because they do not advance parallel. The 3D structuresare then overgrown by thick, smooth GaN layers. The resulting qualityincreases with the thickness. State of the art layers grown by MOVPEwith thicknesses above 5 µm result in dislocation densities of 107 cm−2 [16].HVPE grown structures with thicknesses of about 50 µm exhibit even lowerdensities of 106 cm−2 [17].The MBE growth of layers with comparable thickness is time consuming.Furthermore, the dislocations are more mobile at the higher growth tem-peratures applied in other epitaxy techniques. Therefore, even the lowestreported dislocation densities in GaN layers grown by MBE on sapphireof 108 cm−2 [18] are much higher than those produced by other techniques.State of the art MBE structures are thus commonly grown on commercialtemplates. These are III-nitride layers with low dislocation densities grownby other techniques such as MOVPE and HVPE on sapphire or SiC. A risingnumber of publication reports on the MBE growth on bulk GaN with evenlower dislocation densities of 103 cm−2 [19]. These substrates have becomeavailable recently but are still expensive and therefore not widespread yet.With the metal-rich growth conditions and the use of high quality substrates,III-nitride growth by MBE finally matured. Today, the highest quality III-nitride heterostructures are grown by MBE. The technique is however notapplied in industry. Here, mainly MOVPE is applied because it allows forhigher production rates. MBE growth of III-nitrides has its main implicationsin research.
1.2 surface processes during mbe growth
Crystal growth always takes place at the surface. The interplay of processeson the surface therefore determines the MBE growth conditions and ispresented in this section. An overview of the possible processes is depictedin Figure 1.5. Impinging atoms are adsorbed on the surface where theydiffuse. After some time, they either nucleate, incorporate or desorb. Alreadyincorporated atoms may also decompose at higher temperatures.Growth is per definition a non equilibrium process. If a vapor and a solid arein equilibrium, there will be no effective mass transport. Although variousapproaches on a thermodynamic basis exist, the description of growth bykinetic processes was chosen in this work. The kinetics describe the way ofa system into equilibrium. This description accounts for activation barriersand explains the reactions via rates. It is thus directly related to the growthconditions which themselves are characterized by rates. In the following, thedifferent processes are examined considering the case of GaN growth.The physical adsorption of atoms on a surface depends on the arrival rate, in-
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Figure 1.5Processes on the surfaceduring growth with atomsimpinging. Typical path:atoms are adsorbed, thendiffuse and incorporate, nu-cleate or desorp. At highertemperatures decompositiontakes place. growing interface
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teraction between different elements, availability of possible adsorption sitesand an activation barrier. The resulting adsorption rate can be characterizedby the deposition rate of impinging atoms and a sticking coefficient which isthe ratio of impinging atoms to atoms actually adsorbed. The adsorbed atomsare weakly bound to the surface [21]. For GaN growth, the deposition rate,which is given by the material flux from effusion cells, mainly determinesthe adsorption rate. The sticking coefficient is close to unity for gallium andnitrogen under regular GaN growth conditions [22] and can therefore beneglected.Incorporation means the chemical bonding of the adsorbed atoms to thecrystal surface. In the case of GaN growth, atomic Ga incorporates bybonding with a nitrogen atom. Under MBE conditions, this reaction is ener-getically not favored because liquid gallium and gaseous nitrogen have alower potential energy compared to solid GaN as shown in Figure 1.6. Thekinetic barrier of the reaction, however, can be overcome for the reactionof Ga with a variety of excited molecular and atomic nitrogen species. Thekinetic barrier hinders the backward reaction of GaN to atomic gallium andmolecular nitrogen in the ground state which allows GaN to grow.
Figure 1.6Comparison of the poten-tial energy of activatednitrogen with Gibbs freeenergy for the reaction:2Ga(l) + N2(g)⇀↽ 2GaN(s) attypical growth conditions [20].The kinetic barrier is over-come by activated nitrogenand hinders decomposition.
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Figure 1.7: Growth rate of GaN depending on gallium flux under constant nitrogenflux. The Ga-flux is given normalized to the GaN stoichiometry. Threeregimes are defined: Ga/N < 1: N-rich, Ga/N = 1: stoichiometric andGa/N > 1: Ga-rich
The incorporation rate determines the growth rate. In Figure 1.7, the growthrate over Ga-flux for a constant N-flux is shown. For low Ga-fluxes, the in-corporation rate increases with the Ga-flux. This means that every additionalgallium atom finds a nitrogen atom for incorporation. This range is calledN-rich because there is an oversupply of nitrogen and Ga/N < 1. At highGa-fluxes, the growth rate is constant because all available nitrogen atomsare already incorporated. This region is called Ga-rich because Ga/N > 1.Such diagrams give the surface stoichiometry at Ga/N = 1.Desorption is the process of atoms leaving the surface through thermalenergy gain. Its rate exponentially increases with the surface temperature.The kinetic barrier for this process depends on the bond strength betweenthe adsorbate and the substrate. In addition, it depends on the desorptionpath, which is different for Ga and N. The desorption rate over temperaturefor Ga and N from a GaN surface is given in Figure 1.8 [23]. The activationenergy for Ga desorption is much lower than for N. The reason is thatnitrogen can only desorb as ground state N2 because other states wouldrequire energies higher than those supplied thermally by the substrate.One possible desorption path for N is the bonding of two nitrogen atomsdiffusing on the surface. The desorption process of nitrogen is thereforerelated to surface diffusion. This is different for gallium atoms which candesorb directly. Another possibility for nitrogen desorption is the bondingof an adsorbed with an incorporated nitrogen atom. The probability of thisreaction increases with temperature and represents a decomposition process.A high amount of atomic nitrogen in the impinging nitrogen flux thereforeincreases the decomposition rate of GaN at higher temperatures [25].
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The desorption rates of Ga and N below 700 °C are lower than the typicalincorporation rates. The desorption rate of Ga becomes greater than incor-poration rate applied in this work at about 700 °C. Above this temperature,the Ga-flux needs to be increased in order to maintain stoichiometric growthconditions. The desorption rate of N exceeds the typical incorporation rateat temperatures above 750 °C. For fixed nitrogen conditions, this leads to adecreased growth rate. At even higher temperatures, the nitrogen desorptionrate exceeds that of gallium.GaN is never thermodynamically stable under MBE growth conditions withnitrogen pressures around 10−5 mbar. The kinetic barrier of decompositionis, however, high and the decomposition rate exceeds the growth rate only athigher temperatures as shown in Figure 1.8. For temperatures above 800 °C,the decomposition rate will exceed the incorporation rate applied in thiswork and the crystal will be etched rather than grown.All observable growth modes producing smooth layers, wires or quantumdots arise from the interplay of the described processes mainly because oftheir impact on surface diffusion. While longer diffusion length of adatomsresult in smooth layers (see Section 1.3), short diffusion produces roughstructures. This emphasizes the importance of surface diffusion.The diffusion length is given by the diffusion coefficient and the time anatom stays on the surface. The diffusion coefficient increases exponentiallywith temperature. The residence time is governed by other surface processes.
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Figure 1.8: Rates of various surface processes over temperature for typical MBEN2 pressures given normalized to a growth rate of 3 nm/min usedin this work: N desorption from GaN (0001) surface, Ga desorptionfrom GaN (0001) surface, GaN (0001) decomposition. Significant Gadesorption is achieved below the decomposition temperature at 800 °C.For comparison: In desorption from InN (0001) surface and InN (0001)decomposition [23, 24].
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limited by incorporation

(for a growth rate of 3 nm/min)

limited by desorption

Figure 1.9: Diffusion length of gallium on GaN (0001) over temperature: Limited byincorporation for a growth rate of 3 nm/min and by desorption [23]. AMaximum diffusion length for Ga is achieved around 700 °C.
An atom arriving on the surface might stay there until it either desorbs orincorporates. The desorption rate thus limits the diffusion length at highertemperatures. If the growth rate is increased, the time till incorporationshortens and rougher surfaces are the result. The diffusion length in MBEtherefore does not simply increase with temperature and is limited by theincorporation rate at low temperatures and by the desorption rate of thematerials at higher temperatures. An example of the diffusion length of Ga isgiven in Figure 1.9. The longest diffusion length is expected slightly above700 °C.The Ga/N ratio also influences surface diffusion. In principal gallium ismore mobile than nitrogen. For N-rich conditions, the arriving Ga atomsare almost directly incorporated resulting in a short diffusion length. ForGa-rich conditions, the surfaces are smoother which is mainly the resultof an enhanced nitrogen diffusion under a stable Ga-bilayer which will bediscussed in Section 1.4.
1.3 two dimensional growth modes
A two dimensional growth is essential for smooth interfaces in heterostruc-tures. Before engaging the optimization of growth parameters, this sectionpresents a brief physical treatment of the two dimensional growth of crystals.Only one material is treated for better illustration, but the derived conclu-sions also apply for binary and ternary materials. The background to thischapter, including the derivation of the formulas is found in the literature[26, 27].A substrate is needed for epitaxial growth from a vapor phase. Further growth
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Figure 1.10Cubic model crystal with5 different possible incor-poration sites: 1 and 2are very rare, 4 and 5 in-crease the surface energy,3 mainly contributes togrowth

(1)

(2)

(3)

(4)

(5)

of a layer on the substrate occurs if a driving force induces a growth rate
R larger than zero. The growth rate is the difference between the atomsarriving at the surface and those leaving through desorption. The numberof arriving atoms per time and area Rabs is expressed by a function of theambient vapor pressure p:

Rabs= p√2πmkB There m is the mass of an atom, kB the Boltzmann constant and T thetemperature.No growth occurs in equilibrium, and the number of atoms arriving at thesurface is equal to the ones leaving. The desorption rate Rdes is thereforeequal to the arrival rate of atoms under the equilibrium vapor pressure pe:
Rdes= pe√2πmkB TAs mentioned, the difference between these two rates is the growth rate.It is therefore proportional to the difference of the vapor pressure and theequilibrium vapor pressure:
Rmax (T , σ ) =Rabs − Rdes=A(T ) p − pe

pe
=A(T ) · σ

with the supersaturation of the vapor phase σ = p−pe
pe and a temperaturedepended factor A(T ). The driving force can thus be identified as σ .The derived growth rate describes only a maximum limit because it impliesthat every atom that enters the surface is incorporated into the crystal.This is only true in a particular case which can be concluded by examiningpossible incorporation sites on a model cubic crystal as shown in Figure 1.10.A real crystal is never perfectly smooth. Therefore, the model crystal hasone exemplary step with a kink site. This step may represent a step due toa miscut of the host crystal or a part of an island on the surface.Five different sites of incorporation are identified which differ in terms ofenergy and availability. The possibility of incorporation depends on these twoconditions. Incorporation on sites 1 and 2 is energetically favored because it
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reduces the surface energy. However, once those sites are occupied they arenot available for further growth. In contrast, sites 4 and 5 are very commonon the surface, but incorporation on those sites increases the surface energy.Incorporation at sites 1, 2, 4 and 5 thus contributes little to growth.Incorporation on site 3 does not change the surface energy. In addition, thissite moves along the step if occupied. This is why sites like number 3 mainlycontribute to growth. This site is called half crystal position because exactlyhalf of its surface is attached to the crystal. Consequently, the detachmentof an atom at this site requires the same energy as is gained by detachment,i.e. every atom entering the site with a certain probability is just as likelyto leave. The maximum growth rate was derived for this condition. Therefore,a crystal that consists only of half crystal positions grows with the highestgrowth rate.A crystal consisting only of the kink sites exhibits a maximum roughness.Almost no growth is expected for a perfectly smooth surface in this picture.A more realistic stepped surface with terraces of the length λ is thereforeinvestigated (Figure 1.11).The way atoms incorporate at a step depends on the temperature. For GaAsgrowth, it has been observed that the optimal growth temperature promotingtwo dimensional growth is about half the melting point of the material [28].This can be related to the half crystal position site. At about half the meltingtemperature, the kink sites become active. This means that they can bedetached at rates as high as the deposition rate. This leads to a growth ofsmooth edges instead of a zig-zack structure as illustrated in Figure 1.11.Adsorbed atoms remain on the surface only for a certain time before they

ledge growth

T < ½TM

(kink-pinning)

kink growth

T > ½TM

(kink-flow)

λFigure 1.11: Comparison of ledge and kink growth expected for high and lowtemperatures [28]. Optimum growth temperatures are obtained abovehalf the melting point of the growing material because kink sitesbecome active.
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either incorporate into the crystal or desorb due to thermal fluctuations.During this time, they diffuse on the surface over a certain length λs.Incorporation at the step is only possible for atoms that can diffuse from theterraces to the step. For large spacings between the steps or small diffusionlength the incorporation rate is reduced. The growth rate by step growththerefore depends on λs and λ:

Rstep=B
(2λs
λ

)
·Rmax

(
T , σ)

with the factor B(2λs
λ ) < 1.Nucleation has to be considered if 2λs < λ. Because atoms are preferablyincorporated at a step, less free atoms are found in the vicinity of a stepwhich can be expressed as a decreased σ . The supersaturation is thusmaximal in the middle of the terrace and depends on λ and λs (Figure 1.12a)).Free atoms can attach to each other and form crystalline nuclei. By doingso, they gain energy if the crystalline phase is lower in energy. However, itcosts surface energy. This results in a critical nuclei radius below which thenuclei decompose. The critical radius is related to a critical supersaturation

σc above which the nuclei will grow further. Nuclei grow on terraces if thesupersaturation on the terrace of a stepped surface exceeds σc (Figure 1.12b)). This produces new steps and the nuclei grow two dimensionally. Since σdepends on the diffusions length and the terrace width, so does the growthrate by nucleation Rnuc . The growth rate for nucleation is higher than forstepflow growth because nuclei generate their own steps.For high supersaturations, the growth by nucleation causes rough surfacesdue to kinetic roughening (Figure 1.12 c)). The distance between the stepsproduced by the nuclei, increases during the lateral 2D nucleation growth.For high supersaturations, this leads to the formation of new nuclei on topof still growing nuclei. Therefore, the surface roughens with growth time.
σc

step growth 2D nucleation growth kinetic roughening

σ

σc

σ

σc

σa) b) c)

Figure 1.12: Comparison of 2D growth modes on a stepped surface depending onthe supersaturation: a) σ < σc - step growth: atoms incorporate atsteps, b) σ > σc - 2D nucleation growth: growth also by nucleationbetween steps, c) σ � σc - kinetic roughening: nucleation on growingnuclei roughens the surface over time.
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screw dislocation

lateral
growth
direction

fixed λ

Figure 1.13: Schematic of spiral growth mode. A threading dislocation generates astep which is pinned at the intersection. By lateral growth a spiralwith terraces of width λ forms around this positions. The curvature ofthe spiral depends on the supersaturation σ .
Truly two dimensional growth by nucleation is only possible in a smallrange of supersaturations, and a roughening of the surface is very likely inthis growth mode. Step growth on the contrary is always 2D and is thuspreferred for heterostructure growth.Another possible origin of steps are screw dislocations penetrating thesurface (Figure 1.13). Screw dislocations are displacements of a fraction ofa crystal plane. On the surface, this results in a step which is pinned at theintersection of the dislocation. If this step advances during growth is has tobow which results in a spiral. Further lateral growth of the spiral increasesits curvature ρ which leads to an increased edge energy. This slows downthe lateral growth which ultimately results in a finite curvature:

ρc= γ a
kB T ln(1+σ )with step energy per molecule γ, monolayer height a. Apart from the materialparameters the geometry of the spiral depends only the supersaturation.The terrace width λ formed by the spiral depends on the curvature andtherefore on the supersaturation. For regular step growth, it was alreadyshown that the growth rate depends on λ. Therefore, the growth rate forspiral growth is a supersaturation dependent modification of the maximumgrowth rate:

Rstep=C
( 2λs
λ
(
σ
)) ·Rmax (T , σ )

with C ( 2λs
λ(σ ) )< 1.It should be noted that spiral growth is a modification of the step growth.They are similar in quality. Step growth from miscut terraces and spiralgrowth always take place at the same time because both features are foundon every real sample. An excellent example was observed during this workand is given in Figure 1.14.The growth rates for the three different 2D growth modes are compared inFigure 1.15 for two different diffusion lengths. The morphology is determinedby the mode with the highest growth rate at a given supersaturation. For
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Figure 1.14Atomic force micrograph illustratingthat spiral and step growth takeplace at the same time: three spi-rals in a stepped surrounding (Sam-pleID: G1020).

z-scale: 5.2 nm

small supersaturation, the step growth is observed. For medium σ , thespiral growth produces higher growth rates. At higher σ , the 2D nucleationgrowth is observed. The growth rate by nucleation growth equals Rmax athigher supersaturation. This illustrates the rough growth due to kineticroughening, as Rmax is only achieved on surfaces with maximum roughness.The transition between smooth and rough growth depends on the diffusionlength. Smooth surfaces are only achieved for a high surface diffusion athigh supersaturations.Figure 1.15 illustrated, that different growth regimes are expected for differentlevels of supersaturation, i.e. how close to equilibrium the growth takesplace. For real structures this can be observed by comparing a MOVPE toa MBE grown samples as done in Figure 1.16. Since step growth is onlyobserved at very low levels of supersaturation, the growth by MOVPE takes
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Figure 1.15: Growth rate over supersaturation for a) low diffusion length and b) highdiffusion length, with the diffusion length λs and a terrace width λ. Thegrowth mode with the highest growth rate determines the morphology.Smooth growth is achieved by spiral and step growth, while nucleationgrowth results in rough surfaces due to kinetic roughening.
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z-scale: 6.0 nm z-scale: 2.0 nm

a) b)

Figure 1.16: Atomic force micrograph of GaN (0001) grown by a) MBE and b)MOVPE. The spirals in MBE growth indicate that growth takes placefurther away from equilibrium than in MOVPE.
places closer to equilibrium than MBE growth. A more detailed discussion ofthe different morphologies for MBE and MOVPE grown structures is foundin the literature [29]. In Figure 1.15 it also illustrated, that higher σ requirehigher diffusion length for smooth growth. Therefore, large diffusion lengthsare needed for the growth of smooth layers by MBE.High diffusion lengths can be obtained at high growth temperatures. Theactivation of kink sites also suggests growth at high temperatures. As wasmentioned in Section 1.1.3, this is a challenge for MBE growth compared toMOVPE because of decomposition under MBE conditions. It can however befaced by Ga-rich growth conditions as will be explained in the next section.
1.4 gallium and indium bilayer
The previous sections stressed the importance of a high growth temperatureto activate kink sites and the importance of a high diffusion length for theMBE growth of smooth layers. For the MBE growth of III-nitrides, thedecomposition limits the applicable temperature range (see Figure 1.4).Increased diffusion can thus only be achieved by a reduced kinetic barrierfor surface diffusion. This section presents the positive effects of a galliumand indium bilayer coverage on the growing surface.Early experimental findings revealed good crystal quality of MBE grownGaN (0001) for Ga-rich conditions [30]. Total energy calculations for differentGa coverages on a GaN (0001) surface later explained the experimentalresults [31]. The Ga atoms form a liquid bilayer on top of the GaN surface atgrowth temperature, which reduces the kinetic barrier for nitrogen diffusion.Under very Ga-rich conditions a laterally contracted bilayer of Ga atomsformed on the GaN (0001) surface, as shown in Figure 1.17, is energeticallyfavored. The first layer orders according to the underlying Ga atoms in the
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Figure 1.17Representation of the laterallycontracted Ga-bilayer [31]. Galayer 1 arranges according to Galayer 2 of the GaN (0001) sur-face. Ga layer 0 is compressedand closer to the lattice constantof metallic gallium. Overall Gacontent in layer 1 and 0 com-pared to layer 2: 2.33.

N

Ga

layer 0 - Ga

layer 1 - Ga

layer 2 - Ga
layer 3 - N

GaN lattice. The second layer on the contrary reduces the surface energyto a minimum by arranging closer to the lattice spacing of metallic gallium.This results in the arrangement of Ga atoms in a laterally contracted bilayerwith a total coverage of 2.33 ML of Ga with respect the GaN lattice. Forindium on GaN (0001), a similar behavior was observed, with a coverage of1.7 ML.The bilayer model was experimentally investigated by monitoring the desorp-tion time of Ga from the Ga-face GaN surface with RHEED [32]. The resultis shown in Figure 1.18. A constant desorption time is observed for a widerange of employed Ga-fluxes. In the constant range, the surface coverageis 2.7 ML of gallium. This supported the existence of a Ga bilayer whichis stable for a certain range of deposition rates. Note that growth underthese Ga bilayer stabilized conditions requires a sufficient Ga desorptionas otherwise Ga accumulates in the form of droplets.
sub bilayer

stable bilayer

droplet

Figure 1.18: Ga desorption time over Ga-flux as measured by RHEED [32]. Theconstant desorption time at intermediate fluxes indicates the stablecoverage of the Ga bilayer. The jump in the desorption time at 0.2 ML/sis explained by the change in the desorption characteristic as shownin Section 2.2.4.
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In order to explain the effects on the surface morphology, the surface diffusionof Ga and N for Ga bilayer covered GaN (0001) surface was investigated bydensity functional theory [33]. Results showed that both a Ga-bilayer and anIn-bilayer significantly change the nitrogen diffusion. No energetic barrierwas found for the diffusion of N through the metallic adlayer. In addition, thediffusion barrier for N-atoms within the metallic layer is markedly reducedcompared to the bare GaN (0001) surface from 1.5 eV to 0.5 eV. This leadsto a new lateral diffusion channel for nitrogen within the adlayer, resultingin a higher nitrogen diffusion length.This alone cannot explain the observed spiral growth mode under bilayerconditions. An additional effect by the liquid metallic adlayer is the in-creased activation of kink sites. The presence of an adlayer is known todecrease the kinetic barrier for decomposition of GaN [34]. This implies,that already bound atoms can be detached from the crystal more easily.Therefore, the presence of a metal adlayer increases the activation of kinksites, which determines the optimum growth temperature for smooth growth(see Figure 1.11). It was reported that this process results in a kink activityat 750 °C for a excess Ga on GaN that is expected at 1050 °C for bare GaNsurfaces [35]. The optimum growth temperature for GaN under metal richconditions is thus lower than half the melting point.The finding of the bilayer enhanced diffusion together with the lower optimumgrowth temperature were the breakthrough for MBE growth of III-nitrides.These two effects mainly affect the growth conditions for smooth III-nitridelayers.
1.5 mbe growth conditions for iii-nitrides
The key aspects of III-nitride growth by MBE have been introduced in theprevious section. In this section, the implications for the growth parameters,namely the substrate temperature and the material fluxes, for high qualityIII-nitrides growth by MBE are presented. Furthermore, growth conditionsreported in the literature are given, which are the basis for the experimentalpart of this work.It should be noted that the reproduction of results reported in literature isnot straightforward. Many parameters depend on the machines used. Thetemperature of the substrate often deviates, as different calibration methodsare employed. The plasma conditions also vary for different brands of plasmacells. In addition, the efficiency of the plasma cell reduces over time andgrowth conditions vary over time even for the same machine. Furthermore,the cleaning of the substrates often depends on parameters which can hardlybe specified. Therefore, not only the optimization of growth conditions isessential for high quality growth but also the reproducibility.



26 molecular beam epitaxy of iii-nitrides
1.5.1 Substrates

Epitaxial growth is best performed homoepitaxially, which means growth on asubstrate which is by all means identical to the growing film. The productionof any bulk III-nitride crystal is however challenging. The synthetization isnot possible from the melt because of the high melting temperatures andthe weak III-N bond compared to N-N. Recently considerable progress wasmade by other techniques, such as ammonothermal growth, and bulk GaNwafers up to 2-inches are available [19]. However, such substrates are stillexpensive and growth on other substrates is more common.The growth on foreign materials has produced reasonable results for a widevariety of substrates [36, 12]. The most common by far are 6H silicon carbide(6H SiC) and sapphire (Al2O3). The lattice mismatch between GaN and SiCis about 4%, which is much smaller than 16% for sapphire. This results in anincreased crystal quality. However, SiC is expensive, making sapphire thesubstrate of choice in most cases.The high lattice mismatch between GaN and sapphire results in a highdensity of dislocations. Their amount could be reduced over the last yearsdown to 108 cm−2 for GaN grown directly on sapphire by MBE [18]. Thetreatment of Al2O3 with activated nitrogen at low temperatures produces athin AlN layer [37]. This layer is homogeneous and smooth and is the basisfor thicker layers. The introduction of AlN or GaN buffer layers grown at lowtemperatures further increases the crystal quality. During this growth step,small islands form which then grow and coalesce [38]. The 3D growth allowsfor strain reduction and thus for a reduction of the dislocation density. Theovergrowth of these 3D layers by thick, smooth layers results in a decentoverall crystal quality.Despite all these steps, III-nitrides grown on foreign substrates by MBE areof inferior quality compared to other techniques with higher growth rates.The substrate of choice for high quality III-nitrides are thus MOVPE orHVPE GaN templates with dislocation densities lower than 108 cm−2.
1.5.2 GaN

The Ga/N ratio has a tremendous impact on the quality of GaN (0001) layersgrown by MBE as shown in Figure 1.19. For N-rich growth (Ga/N < 1),the layers are usually rough. The high amount of less mobile nitrogenon the surface decreases the diffusion length of Ga. It should however benoted that recently high quality layers were grown under N-rich conditionsfor substrate temperatures close to the decomposition of GaN [39]. Thisapproach is very promising but could not be reproduced in this work.Under Ga-rich conditions, a sufficient Ga desorption rate has to be achievedto prevent the formation of droplets. This limits 2D growth to substratetemperatures higher than 670 °C. Different regimes can be identified above
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Figure 1.19Growth regimes depending on Ga-flux and substrate temperature asdetermined by RHEED desorp-tion studies[42]. The best morphol-ogy is achieved slightly above thebilayer-droplet transition .
this temperature depending on the III/V ratio. Above the stoichiometry, thesurface is covered by one ML of gallium or less. Nucleation growth isobserved (see Section 2.2.3) which produces rough layers due to kineticroughening. A further increase in the ratio leads to growth in the Ga bilayerstabilized regime. Smooth spiral growth is observed with roughnesses wellbelow 1 nm [32]. At higher III/V ratios, the Ga desorption is not sufficientcompared to the deposition rate and Ga droplets begin to form. The bestresults in terms of bulk electron mobility and morphology have been obtainedfor growth at the bilayer-droplet transition [40, 41].Decomposition limits GaN growth at higher temperatures. Decompositionat 800 °C under typical MBE conditions was observed [25]. For Ga coveredGaN surfaces, decomposition already starts at 720 °C as the metallic adlayerreduces the kinetic barrier of decomposition [43]. Around this temperature, thehighest Ga diffusion length is expected for typical growth rates of 3 nm/minas was shown in Figure 1.9. High quality structures are therefore grownaround 700 °C with a III/V ratio close to the bilayer/droplet transition.The nitrogen conditions are given by the molecular nitrogen flow rate andthe plasma power. It was reported that higher powers result in a higherdensity of point defects [44]. The reason is a damage of the growing filmby high energy nitrogen species. A stable plasma at low powers is onlyachieved for low nitrogen fluxes. Conditions reported in the literature thusvary, with N2 flows from 0.2 to 1.0 sccm at excitation powers below 300 W[45, 46].
1.5.3 AlGaN

The optimum growth conditions for ternary alloys are a combination of thosefor the involved binary compounds. The optimum growth conditions for GaNhave been explained. Similar consideration apply to AlN growth as well. Thedecomposition temperature for AlN under MBE conditions is considerably
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pseudomorphic
partially relaxed

Figure 1.20: Critical thickness for AlGaN relaxation over Al concentration [47]. Forheterostructure growth the AlGaN thickness is typically below 50 nm.Here, no relaxation is expected for xAl < 0.25.
higher than that of GaN as seen in Figure 1.4. This would allow for growthat half the melting temperature. However, this results in the decompositionof other nitride layers that are part of a heterostructure and is thus not suit-able. The growth temperature for AlGaN growth is therefore only increasedslightly compared to GaN growth. Instead, the enhanced nitrogen diffusionby the Ga bilayer is used to obtain smooth AlGaN layers. For thin AlGaNlayers, the temperature is usually kept constant in order to reduce theinterruption time between GaN and AlGaN growth to prevent contaminationof the surface from the ambient [45, 46].The bond strength between of Al-N is much higher than that of Ga-N.Aluminum is therefore preferably incorporated over gallium for the appliedsubstrate temperature range. This means that first every Al atom bindswith a free N atom before any Ga-N bonds form. The Al content is thus
xAl = Al/N and is independent of the Ga-flux under overall metal rich con-ditions [44]. This incorporation ratio is independent of temperature belowthe decomposition temperature of GaN. The Al-flux during AlGaN growth isthus determined by the desired Al content.The Ga-flux is chosen to provide Ga bilayer stabilized growth conditionsduring AlGaN growth [48]. Compared to GaN growth, the Ga-flux should beadjusted during AlGaN growth, because less Ga is incorporated over time.This implies a change of the Ga cell temperature, which results in a growthinterruption. In order to avoid this stop during growth, some MBE machinesare equipped with two Ga cells [49, 50]. This allows to change the effectiveGa-flux instantly.Apart from the growth conditions, some material specific properties haveto be accounted for. No segregation is expected in AlGaN [51]. However,long range ordering was observed in strained AlGaN layers even at low Al
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concentrations [52, 53]. This ordering results in a superlattice of Al-rich andGa-rich monolayers along the c-axis. The inhomogeneity in the chemicaldistribution by this ordering is perpendicular to interfaces. The impact onelectrons moving along interfaces, which is the subject of this work, is there-fore small.The relaxation of AlGaN layer becomes important for heterostructure growth.AlGaN is under tensile strain if grown on GaN. With increasing thickness,the strain energy rises. Above a critical thickness, the incorporation of dis-locations, which reduce the strain, is energetically favored. This leads toa relaxation of the AlGaN layer, which is not desired for heterostructuregrowth. A graph of the expected critical thickness is given in Figure 1.20.For low Al content, relaxation is not expected for AlGaN layers thinner than50 nm.
1.5.4 InGaN

The MBE growth of InGaN is considerably more complex than that of AlGaNand different optimum growth conditions are found in literature. The bondstrength of In-N is much weaker than Ga-N. InGaN thus has to be grownat lower temperatures2 than GaN in order to avoid decomposition. Ga ispreferably incorporated over In because of the stronger bond. At elevatedtemperatures, this even results in the replacement of incorporated indiumatoms by gallium atoms. The result is a decreased In incorporation at highersubstrate temperatures, as is shown in Figure 1.21. The indium incorpora-tion is therefore given by xIn = 1 - Ga/N at temperatures below 560 °C butdecreases rapidly at higher substrate temperatures [54].
2 Note that the temperatures stated in publications for the same growth conditions vary

Figure 1.21: Indium incorporation over substrate temperature [54].



30 molecular beam epitaxy of iii-nitrides
The decomposition of InGaN at higher temperatures can be counteractedby a high overpressure of active nitrogen. This allows for higher growthtemperatures and stabilizes the indium content. Such growth conditions areapplied for InGaN structures with high indium content of for InN growth[24].Other approaches utilize the enhanced nitrogen diffusion under In-rich condi-tions at lower temperatures aroung 450 °C [55]. However, for typical growthconditions the substrate temperature is not high enough for significant in-dium desorption. In-rich growth therefore produces In droplets which causeinhomogeneous morphologies and indium contents in the growing film [56].Some groups have recently reported the growth of InGaN under In bilayerstabilized conditions which prevents the formation of droplets [57, 58, 59].However, this is limited to lower indium contents. Growth in this regimerequires sufficient indium desorption rates. This is only achieved at ele-vated temperatures (above 590 °C), where the indium incorporation stronglydepends on the substrate temperature. This growth regime has not beenstudied in detail yet and was applied in this work.In any of the stated approaches, the homogeneous distribution of In is anissue. InGaN has a strong tendency to segregate as shown in Figure 1.22. Itwas however reported that the miscibility gap decreases and shifts towardshigher indium content for strained layers [51, 60]. The experimental verifica-tion is under discussion. No large indium rich clusters have been observedfor optimized growth. Many groups, however, observed small clusters byTEM. This is argued to be segregation induced by the electron beam ofTEM itself [61] and is thus not accepted as a proof of segregation by others.

1 µm
(relaxed) 140 nm 50 nm
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Figure 1.22: Phase diagram of InGaN (0001) for different layer thicknesses [51].The miscibility gap for thinner layers is smaller and shifted towardsInN.
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Figure 1.23: Critical thickness for InGaN relaxation over InGaN concentration forlow In contents [40]. For a layer thickness of 10 nm relaxation isexpected above xIn = 0.15.
The critical thickness for relaxation of InGaN layers is given in Figure 1.23.Compared to AlGaN of the same Ga content, relaxation is expected atthinner layers [40, 41]. Relaxation thus has to be considered for GaN/InGaNheterostructure growth.Another issue, often reported on, is surface segregation. Surface segregationmeans the exchange of atoms between subsurface and surface layers [63].It was shown that In atoms from the subsurface layer will exchange with

520 °C
550 °C
580 °C
610 °C

InGaN: V/III = 1.0

FGa = 0.15 ML/s
FIn = 0.15 ML/s

Figure 1.24: Concentration profile of xIn over thickness for different substrate tem-peratures grown at stoichiometric conditions [62]. Surface segregationinduces an increase of xIn after growth is started by accumulatingindium. A slow decrease of xIn is observed after In is switched of dueto the incorporation of accumulated indium.
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Figure 1.25: Indium fluctuation amplitude over indium content [65].
Ga atoms from the surface layer because of the different bond strengthof In-N and Ga-N. Observations by STM revealed one monolayer of Inaccumulated on top of an InGaN layer due to this effect [64]. If InGaN isgrown at temperatures with low desorption rates, at N-rich or stoichiometricconditions, the segregated indium will represent an additional supply ofindium for growth. The incorporated amount of indium will then increaseover time and decay after In is switched off as shown in Figure 1.24 [62].This onset and tailing effect was not observed in this work.One problem for InGaN heterostructure growth are fluctuations in the indiumcontent, which is independent of the applied growth technique. This shouldnot to be confused with segregation, as no In-rich clusters are observed.In fact, the indium distributes inhomogeneously, as was observed by TEM[65]. As shown in Figure 1.25, in an InGaN film containing 12% of indium,areas with 10% and 14% have been found. These fluctuations have differentconsequences for the recombination of electrons and holes in LEDs andthe transport of electrons along the interface, which was studied in thiswork. Because the band gap is smaller in regions with higher indium con-tent, photons are mainly generated from recombination in these areas. Therecombination at other non radiative defects is therefore reduced [66]. Fortransport along the interface in a heterostrucutre, the fluctuations are anadditional source of scattering, as will be shown in this work.
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R H E E D

Reflection high-energy electron diffraction is the most applied
in-situ method in MBE growth today. In this work RHEED was
used to optimize different aspects of growth. The following sections
describe the background of this technique, which is necessary to
understand the observed data. Furthermore, the applied analyzing
methods are demonstrated in detail.

2.1 fundamentals
Reflection high-energy electron diffraction (RHEED) offers real time analysisof the growing interface without interrupting the growth process. This isbecause the small incident angle permits the positioning of the effusion cellsalmost normal to the surface of a growing sample (see Figure 1.1). The smallinclination also results in a high surface sensitivity which allows analyzingthe growth front. Many different pieces of information about the film qualityand growth conditions can be obtained by this method. In the following,only the aspects necessary to understand the observed data are introducedbriefly. For a deeper understanding and other applications, two resourcesare recommended [67, 68].The basic RHEED setup consists of an electron gun for high energy electrons(14 keV in this work), a phosphorus screen to visualize the diffraction patternand a camera for analysis. The electrons incline under a small angle < 3 °and scatter elastically [67] from the surface which results in a diffractionpattern observed on the screen. The electron beam can be focused anddeflected by magnetic coils. Because of the small inclination, the beaminteracts with the surface over several millimeters. It thus probes a largeslab of the sample. The sample can be rotated, which allows to analyzedifferent directions. In addition to the diffraction pattern, a spot of the directlyreflected electron beam, the so called specular reflection spot, is observed.The intensity of this spot is addressed in this work if the intensity of RHEEDis discussed.

33
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Figure 2.1Comparison of the reciprocal lattice fora 3D cubic lattice to reciprocal rodsfrom a square net. kx
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The RHEED diffraction patterns are different from other electron diffractiontechniques. The high energy of the electrons and the small inclinationresult in a small penetration depth of only a few monolayers [69]. Therefore,diffraction has to be treated for a two dimensional surface. The reductionfrom three to two dimensions results in a degeneracy in reciprocal spacebecause no diffraction condition exists normal to the surface. Reciprocallattice points thus degenerate into infinite rods based on a 2D reciprocalnet as illustrated in Figure 2.1.The interference pattern observed on the phosphorous screen is given bythe Laue condition. Constructive interference is observed if the difference ofthe wave vector of an incident electron ~k0 and that of the diffracted electron
~k’ are equal to a reciprocal lattice vector ~K:

~k0 − ~k ′= ~K

For elastic scattering where | ~k0|=| ~k ′|, this can be visualized by the Ewaldsphere. The radius of the sphere is | ~k0| and is large compared to the rodspacing for high energies1. The Laue condition implies that constructiveinterference occurs if the Ewald sphere intersects with a reciprocal lattice rod.This is illustrated in Figure 2.2. The resulting diffraction pattern observedon the screen consists of streaky reflexes on so called Laue rings.It should be noted that elastic scattering from only the first monolayer isnot sufficient for a full quantitative description of the intensity and resultingpatterns. Inelastic processes, as well as scattering from multiple atomiclayers, would have to be accounted for. This is neglected in this workbecause it has no effect on the presented analyzing methods.

1 | ~k0|= 2π
λ =630 nm−1 at 14 keV
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Figure 2.2: Construction of the RHEED pattern. a) reciprocal net from a hexagonalsurface, b) intersection of reciprocal lattice rods with an Ewald sphereand c) resulting RHEED pattern with streaky reflexes and Laue rings.
2.1.1 Patterns

A 2D surface should result in a RHEED pattern built up of points, becauseinfinitesimal thin lattice rods intersect with the Ewald sphere at one pointonly. This is not the case under realistic conditions. The electron beam willnot be fully monochrome, and the shell of the Ewald sphere has a finiteextension. Furthermore, the finite size of the crystal, strong lattice vibrationsat high temperatures and atomic steps on the surface cause a broadening ofthe lattice rods. Both effects result in a larger cross section between rodsand sphere. Real RHEED patterns for smooth surfaces therefore consist ofstreaky reflexes as shown in Figure 2.3 a).A spotty pattern is observed for rough surfaces as shown in Figure 2.3b). Because the diffraction from a 2D lattice is not applicable for a 3Dsurface, the lattice rods form segments according to the 3D reciprocal latticefor the bulk material (Figure 2.4). The increased roughness also causes abroadening of the segments which results in a bigger overlap with the Ewaldsphere. The spots of a rough surface are therefore broader than the streaksobserved for a smooth surface.

smooth rough

a) b)

specular spot

no specular spot

Figure 2.3: Comparison of a) a streaky RHEED pattern of a smooth surface andb) a spotty pattern of a rough surface. Note that no specular spot isobserved in b).
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Figure 2.4: Origin of different RHEED patterns for a 2D, quasi 2D, 3D andpolystralline surface [70]. The diffraction results in different reciprocalreflexes (blue). The intersection with the Ewald sphere (grey) pro-duces characteristic RHEED patterns (green) for the different surfaces.The specular spot is indicated in red and looses intensity for roughersurfaces.
The pattern modifies further for even rougher surfaces, e.g. for islands ornanowires. The electron beam is no longer directly reflected but rathertransmitted through the nanostructures. This results in a spotty patternand the specular spot will lose intensity until fully gone (Figure 2.4 andFigure 2.3 b)). If, in addition, the islands are not oriented towards eachother, the spots will form circles.It is now clear, that RHEED can be used to distinguish between smooth andrough surfaces during growth. However, no conclusion on the morphology canbe drawn from streaky RHEED patterns and the surface has to be probed ex-situ. Atomic force micrographs of two samples with almost identical RHEEDpatterns are shown in Figure 2.5. Both show a similar roughness but aentirely different morphology.
2.1.2 Reconstructions

In addition to the regular patterns discussed in the previous section, otherreflexes induced by surface reconstructions can be observed as shown inFigure 2.6. These reflexes are only visible for smooth surfaces that are notcovered by liquid metallic adlayers. There are several reasons for a changein symmetry at the surface such as dangling bond reconfiguration, regulararrangement of adatoms or ordering in alloys. If the origin of a modified
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a) b)

Figure 2.5: Atomic force micrographs for two samples which both showed streakyRHEED patterns. The morphology is different and could not be distin-guished by RHEED patterns.
surface is known, the observation of RHEED reconstruction has significantimplications for growth. Some examples are given here.The best known reconstruction is probably the 7×7 of on Si (111). It forms athigh temperatures under UHV conditions and occurs only after the removal ofthe native oxide [71]. The observation of this reconstruction thus indicates thesuccessful removal of the oxide prior to growth. On SiC, a 2×2 reconstructionis observed, if the oxide is still present and a 1×1 represents a clean SiCsurface [72]. During the growth of MnGa, the reconstruction indicates thestoichiometry of the growing phase [73]. GaN shows various reconstructionsfor nitrogen and gallium rich surfaces at different temperatures which canbe used to determine growth conditions [74]. In this work, the √3×√3 R30°reconstruction of indium on InGaN and GaN surfaces was found to correlatewith degradation of the surface under high temperature growth conditions

reconstruction reflexes

Figure 2.6: RHEED pattern of a 2×1 reconstructed GaN (0001) surface with re-construction reflexes.
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Figure 2.7: Comparison of different reconstructions. The change in the unit cell isindicated in real and reciprocal space. The additional spots in reciprocalspace are characteristic for the reconstruction. The dashed lines inreciprocal space represent the high symmetry directions in RHEED.
(see Section 6.2).The relationship between observed RHEED patterns in reciprocal spaceand the actual surface reconstruction in real space is not straight forward.Figure 2.7 gives three examples for reconstructions of a hexagonal surface.A 2×2 reconstruction adds one reflex in all high symmetry directions. Fora 2×1 reconstruction, additional signals are only observed every 90 °. The√3×√3 R30° results in features only for the (110)-direction2. This clarifiesthat one direction holds not enough information to identify reconstructionsand at least two highly symmetric directions have to be monitored. RHEEDradar scans (see Section 2.2.1) provide clearer results.
2.1.3 Indication of directions

A RHEED pattern depends on the angle between electron beam and latticeplanes of the crystal and so on sample rotation. The same pattern is observed
2 R30° indicates a rotation of the unit cell by 30°
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Figure 2.8: Indexing of the the two high symmetric directions of a hexagonal lattice.The reflexes of the (110) pattern are closer together compared to the(110) pattern.
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after rotation by a specific angle, depending on the crystal symmetry. Forthe hexagonal surface of c-plane wurtzite GaN, this occurs every 60 °.Miller indices are used to index different patterns as illustrated in Figure 2.8.The direction of the electron beam in real space is represented by the vector
~k0 in reciprocal space. The Ewalds sphere is perpendicular to ~k0 and theresulting pattern is index according to the Miller indices of ~k0. In principle,every pattern has its own index, but a convention ascribes the (110) and(110) direction to the two high symmetry GaN patterns.
2.1.4 Spacing between reflexes

The distance between the observed RHEED reflexes gives another infor-mation. It represents the spacing between reciprocal lattice planes and isinversely proportional to the in-plane lattice constant in real space. Thespacing between reflexes thus holds information about the strain or thechemical composition of an alloy. In this work, only pseudomorphic layersare investigated. Pseudomorphic layers have matching lattice constants inthe plane of inclination, and there should be no difference observed, e.g. forAlGaN or InGaN grown on GaN.Still significant changes were found for growth under metal rich conditionsas shown in Figure 2.9. The observed strain changes as soon as metal isdeposited. After the adlayer is gone, the strain recovers to the original value.This is an elastic phenomenon induced by the excess metal [75]. This changein spacing of the RHEED reflexes can therefore be used to monitor themetal coverage during pseudomorphic growth.
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Figure 2.9: Spacing of RHEED reflexes during InGaN under a indium adlayer. Thereduced strain during metal deposition is an elastic process. DuringInGaN growth the strain reduces only slightly. After the incorporationof the indium adlayer, the strain recovers to it original values.
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2.2 applications
2.2.1 RRS: RHEED Radar Scans

Different directions of inclination have to be monitored for a complete char-acterization of the surface as was mentioned in Section 2.1.2. RHEED radarscans (RSS) are one way to do so. In this analysis, the substrate rotatesand the pattern is captured every degree or less. The intensity profile of aslim frame is then calculated for each rotation angle3. During the rotation,all reflexes will move in and out of the frame as illustrated in Figure 2.10.An RRS is then a polar plot of the profile data for every angle. It representsthe reciprocal net of the surface and is comparable to low-energy electrondiffraction (LEED) images. This method is used to identify different orien-tations, complex reconstructions and epitaxial relations [76]. An example,comparing a GaN (0001) without reconstruction to a InGaN (0001) surfacewith a √3×√3 R30°, is given in Figure 2.11. The intensity decreases every90 ° because the sample holder covers parts of the surface.
2.2.2 Growth rate by RHEED oscillations

Oscillations in the RHEED intensity are observed during 2D nucleationgrowth. In this growth mode, two dimensional nuclei form on the surface andkeep growing laterally until they merge. Afterwards, new nuclei form andthe process starts over. The RHEED intensity changes periodically duringthis growth cycle as illustrated in Figure 2.12.The reflection is highest for a closed monolayer. The surface gets rougher
3 By taking the second derivative, the signal to noise ratio can be increased.

Figure 2.10: RSS construction: A RHEED pattern in shown for different samplerotations. The intensity in the red box is used to construct the RSSimages. The reflexes move in and out of the box during sample rotation,as is indicated for two reflexes.
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RRS: 1x1 GaN (0001) RRS:  3x 3R30° InGaN (0001)

Figure 2.11: RRS of 1 × 1 GaN (0001) and √3×√3 R30° InGaN (0001). The unre-constructed unit cell in indicated in green, the reconstruction reflexesin red. For comparison see Figure 2.7.
when nuclei form and the RHEED intensity decreases. If half of the surfaceis covered with nuclei, the roughness will be maximal and thus the RHEEDintensity minimal. As the growth continues and the monolayer closes, and theintensity rises again. This cycle leads to oscillations. In reality, the nucleationwill restart on incomplete monolayers and the surface will eventually getrougher over time. The oscillations therefore decrease in amplitude for longergrowth periods. An example of RHEED oscillations is shown in Figure 2.13b).The frequency of the oscillations is the number of monolayers grown per time.This can be converted into the actual growth rate of the material if the latticeconstant is known. The amplitude depends on the scattering cross section ofthe material which decreases from AlN over GaN to InN. Growth oscillations
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Figure 2.12: Origin of growth oscillations in the RHEED intensity. During 2Dnucleation growth, the coverage of the surface changes periodically.The RHEED intensity is maximal for fully closed layers and minimalfor half closed layers. This results in a oscillation over growth time.
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thus are best observed for AlN and GaN growth. The observation duringInN growth is difficult because of the low intensity amplitude amplitude.The 2D nucleation growth mode is observed close to stoichiometric growthconditions for nitride growth. Nitrogen rich conditions often result in roughsurfaces while step growth is present under metal rich conditions. For thelatter, the growth of layers continues from existing steps on the surface,and the roughness does not change over time. This growth mode results inthe best morphologies. Therefore, no RHEED oscillations are observed foroptimized growth conditions but are used for calibration measurements.
2.2.3 Determination of stoichiometry and III/V ratios

The stoichiometry of a binary material is an important parameter. It isdefined as the unity ratio of two growth components. It distinguishes N-richfrom metal-rich conditions and is used to estimate the concentrations internary alloy growth. In addition, it can be employed to determine the III/Vratio which is used as a measure for the metal fluxes in this work. Thestoichiometry should thus be determined for all binary materials.In order to determine the stoichiometry of a metal with nitrogen, the nitrogenflux is kept constant as the metal flux is varied during growth. A characteristicdifference in RHEED intensity trends then gives the stoichiometric flux.For GaN, this is best done by monitoring the desorption after growth asshown in Figure 2.13 a). Growth oscillations are observed during growthslightly above stoichiometry. The intensity increases slightly after growthbecause accumulated metal desorbs. The same effect can be induced bynitridation if the desorption is insufficient at low growth temperature. Atstoichiometric conditions, the intensity remains constant after growth becauseno metal accumulated. Under N-rich conditions, the surface gets rougherand a spotty pattern is observed.The stoichiometry of AlN can be determined from growth oscillations. Theamplitude of the oscillations is higher for AlN compared to GaN and strongoscillations are observed around stoichiometric conditions as shown inFigure 2.13 b). Al-rich growth close to stoichiometric conditions damps theintensity oscillations because of accumulating metal. N-rich growth roughensthe surface and oscillations are damped. The damping is minimal at thestoichiometry and RHEED oscillations can be observed for a longer periodof time.The presented methods provide the metal flux for stoichiometric growth.This can be used as a measure for the effective nitrogen flux which cannot be gained directly. At low temperatures, the desorption rate of metalsand nitrogen is negligible compared to the growth rate. Furthermore, thesticking coefficients of the individual components is close to unity [22]. Thisimplies that every atom reaching the surface is adsorbed and incorporated.The metal flux is therefore equal to the flux of nitrogen atoms that can be
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Figure 2.13: Determination of stoichiometry by a) desorption of the Ga adlayer andb) growth oscillations during AlN growth. The nitrogen flux is fixesand the metal fluxes are varied. Ga/N = 1: no desorption. Al/N = 1:most oscillation cycles.
incorporated and III = N for stoichiometric conditions at low temperatures4.The III/N ratio for different metal fluxes under constant nitrogen conditionscan then be calculated from the metal flux calibrated by a beam equivalentpressure. In this work, this is used as a measure for metal fluxes.
2.2.4 Monitoring metal bilayer desorption

One key factor for MBE growth of nitrides is the metal coverage (see Sec-tion 1.4). For Ga- and In-rich growth three different regimes are found atsufficient high temperature depending on the metal flux. Above stoichiometry,one liquid monolayer of metal starts to accumulate. A stable bilayer formsfor a wide range of higher metal supplies. At very high fluxes, the metalaccumulates in the form of droplets. Different crystal qualities are achievedfor the different metal coverages (see Section 1.5.2). A precise knowledge ofthe conditions for which the regimes are present is therefore essential forgrowth optimization. This can be monitored by the RHEED intensity.A quantitative method to determine the metal coverage is to monitor the timebetween growth termination and increased RHEED intensity for variousGa fluxes as was shown in Figure 1.18 [32]. Gallium or indium adlayersare liquid at typical growth temperatures. This disordered layer causesa damping of the electron diffraction from the underlying crystal, whichreduces the RHEED intensity. The intensity thus decreases during metalaccumulation and increases during desorption. The desorption time is henceproportional to the metal coverage. Monitoring the desorption time is athorough approach to identify a range of metal fluxes for which a stablebilayer is present on the surface. This approach requires measurements formany metal fluxes for satisfying results.
4 the overall nitrogen flux will be higher due to non incorporable components
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The bilayer regime can also be identified by its characteristic RHEED inten-sity oscillation during desorption as shown in Figure 2.13 and Figure 2.14.The reason for the oscillation lies in the arrangement of adatoms which formthe bilayer and in their different activation energies for desorption. Adatomsin direct contact with the surface order above metal atoms. Atoms in thesecond layer are compressed for a Ga bilayer and stretched for In bilayer.They are also more disordered than atoms in the first layer due to theirliquid character. Because of the different activation energies the two layersdesorb one after another. First atoms from the top layer leave the surface.During this desorption, the RHEED intensity increases because this layeris disordered and the damping of the electron beam is reduced. If the secondlayer is totally gone, the electron beam is reflected by the ordered layerwhich results in a maximum intensity. If atoms from the last layer desorp,the intensity will decrease and then increase because of the incompletecoverage similar to growth oscillations.This oscillation during desorption can not be observed if the surface iscovered with only one monolayer. For the droplet regime, the intensity trendis the same but it is delayed (Figure 2.14) because the desorption fromadatoms above the bilayer is not detected. The desorption in every regimethus has a characteristic RHEED intensity trend. Different coverages aredetermined by comparing the RHEED intensity trends at the transitionsbetween the regimes. This approach is quicker than the analysis of thedesorption time and is used in this work.
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Figure 2.14: RHEED intensity during desorption after growth in the Ga bilayer, theGa droplet and the In bilayer regime. The oscillation is characteristicfor bilayer desorption. It is delayed for droplet coverage. 1: full bilayercoverage - intensity is minimal, 2: full monolayer coverage - intensityis high, but smaller than for the uncovered surface, 3: partial monolayercoverage - intensity is minimal, but higher than for bilayer coverage,4: bare surface - intensity is maximal.
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T W O D I M E N S I O N A L E L E C T R O N T R A N S P O RT I NI I I - N I T R I D E S

The electron mobility of two dimensional electron gases in ni-
tride heterostructures was investigated in this work. This chapter
explains the origin of two dimensional carrier confinement in un-
doped GaN/AlGaN and GaN/InGaN structures. The dependence of
the electron mobility on the structural quality is presented, which
motivated the characterization of grown heterostructures by magne-
totransport. In addition to the experimental framework of electrical
measurements, different contributions to the magnetoresistance
studied in this work are explained.

3.1 2d carrier confinement in iii-nitride heterostructures
Nitrides in the wurtzite crystal structure lack of inversion symmetry alongthe c-axis. Consequently, the surfaces for nitrides grown along [0001] and[0001] directions are different as illustrated in Figure 3.1. This is indicated
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Psp

Psp

Ga
N

Figure 3.1: Crystal structure of wurtzite GaN for Ga-face and N-face polarity. Thepolar planes induces dipole charges due to the different electron affinity.They are only found perpendicular to the [0001]-direction because of thelack of inversion symmetry. The direction of the resulting spontaneousPSP polarization is indicated.
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by the notation Ga-face for GaN (0001) and N-face for GaN (0001). In thiswork, only metal face structures are considered.Strong polarization effects arise from the asymmetry for both N-face andGa-face crystals [77, 78]. The electron affinity for group III metals is highcompared to nitrogen. Therefore, the metal-nitrogen bonds have a strongionic character. The lattice planes along the c-direction are either pure ni-trogen planes or pure gallium planes. These planes induce dipoles becauseof the ionic character of the bonds and are called polar planes. Whether ornot the dipoles induce a macroscopic spontaneous polarization (PSP), i.e.polarization without any applied field, depends on the crystal structure.In zincblende structures, polar planes are found along [111] directions. Inthis cubic structure, the four polar planes are arranged perpendicularlyand the dipoles compensate each other. No PSP is therefore present inzincblende structures. In wurtzite structures, the polar planes are foundalong the [0001]-direction and the dipoles arrange only along this direction.However, there will be no macroscopic charge induced in an infinite crystalas each dipole charge compensates another. This is not the case for a finitecrystal. Here, the dipole charges at the boundaries, i.e. surfaces or interfaces,are not compensated which results in an effective polarization charge asshown in Figure 3.2 a). The charges induce an effective polarization field inthe material. This is the PSP field.Crystals with PSP are called pyroelectric and also show piezoelectricpolarization (PPE). Piezoelectric polarization means the generation of po-larization fields via strain. In nitrides, the PPE originates from the strongionic bond character. If a material is under tensile strain, the in-plane latticeconstant reduces while the perpendicular lattice constant increases. Thebond lengths thus change anisotropically. This results in a non uniformdistribution of charges in the ionic bonds and a macroscopic PPE field.Both polarizations have a significant impact on III-N heterostructures andare the source of two dimensional carrier confinement. Figure 3.2 showsa Ga-face GaN/AlGaN and a GaN/InGaN structure with the polarization
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Figure 3.2: Polarization directions in GaN/AlGaN and GaN/InGaN heterostructures.a) dipole charges are uncompensated at the boundaries of the crystaland induce polarization charges σ+ and σ−. b) PSP and PPE areparallel in GaN/AlGaN and antiparallel in GaN/InGaN structures. Thestrength of polarization is indicated by the size of the arrows.
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Figure 3.3: Schematic of the band profile for GaN/AlGaN and GaN/InGaN struc-tures. a) taking only the band offsets into account, b) adding doping andsurface pinning and c) adding polarization effects. Only with polarizationtwo dimensional carrier confinement is observed.
directions indicated. The PSP field is directed from the surface towardsthe interface. For InGaN, its strength is smaller compared to AlGaN forthe same Ga content [79, 80]. An AlGaN layer is under tensile strain onGaN (0001). In this case, the PPE has the same direction as the PSP, andtheir strength is comparable for low Al contents [79, 80]. An InGaN layeris compressed on GaN (0001), and the PPE is directed from the interfacetowards the surface. Because of the bigger lattice mismatch the absolutevalue of PPE is higher than that of PSP and the overall polarization fieldin the InGaN layer is directed towards the surface.The influence of polarization, surface states and doping on the conductionband minimum (CBM) and the valence band maximum (VBM) profile ofGaN/AlGaN and GaN/InGaN heterostructures is shown in Figure 3.3. Nocarrier confinement is observed if none of the three effects is taken intoaccount. The bands are then aligned according to their band offset Eoffset .Fixed boundary conditions for the Fermi level (FL) apply for heterostructuresif doping and a surface potential are taken into account. In the GaN bulk,
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FL is fixed according to the doping concentration. Doping always has to beaccounted for because of the high unintentional defect doping in III-nitrides[81]. The influence of a surface potential has to be considered, because of thenative oxide on III-nitrides. Ga2O3 complexes form on GaN surfaces. Theyrepresent donor like surface states at Esurf = 1.2 eV below CBM [82]. For
EF <Esurf , electrons from the surface states occupy states in the materialuntil EF =Esurf . For EF >Esurf , electrons from the material occupy surfacesstates until EF =Esurf . In equilibrium FL is thus pinned at 1.2 eV belowCBM [83]. Electrons screen the surface potential in n-doped materials whichinduces a downward band bending below the surface.Polarization fields with field strength EAlGaN and EInGaN induce a down-ward tilt of the bands below the surface in AlGaN and an upward tilt inInGaN. The potential difference induced by the field between surface andinterface increases with the thickness. Above a critical AlGaN thickness,CBM drops below FL [84]. For InGaN, the opposite field direction causes arise of VBM above FL. The critical thickness ac depends on the polarizationfield strength and therefore on the composition of the material and on thepinning of FL:

Esurf −EAlGaN · ac −Eoffset =EF
Esurf+EInGaN · ac =EFElectrons occupy the free states below EF at the GaN/AlGaN interfacewhich causes a bend bending in the GaN. The result is a two dimensionalconfinement of carriers in an almost triangular well along the interface. InGaN/AlGaN structures, a two dimensional electron gas (2DEG) forms onthe GaN side of the interface. In GaN/InGaN structures, a two dimensionalhole gas (2DHG) forms on the InGaN side of the interface. 2DEG formationin InGaN based heterostructures is possible for structures with GaN caplayers as will be discussed in Section 6.4. The formation of 2DEGs and2DHGs in nitride heterostructures is induced by polarization and is possiblewithout modulated doping.In 2DEGs and 2DHGs the carrier concentration is called sheet carrier density

ns according to the reduced dimension. Typical values for GaN/AlGaNstructures are in the order of ns = 1013 cm−2. The typical GaN bulk electronconcentration of n= 1017 cm−3 due to unintentional doping can only explaina sheet electron density of ns = 1011 cm−2. An investigation of the overallneutrality condition reveals the origin of the confined electrons [85]. Thecharge of the two dimensional carriers is σ2D =qns. The number of dopantsis negligible compared to the observed sheet carrier densities: σGaN ≈ 0and σAlGaN ≈ 0. The sum of the polarization charges at the boundaries of
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the AlGaN layer is zero: σ++σ−= 0. This only leaves the surface charge
σsurf as a source for the confined carriers:

σsurf+ = 0︷ ︸︸ ︷
σ++σ−+ ≈0︷ ︸︸ ︷

σAlGaN + ≈0︷ ︸︸ ︷
σGaN −qns = 0

⇒ σsurf =qnsThe major part of confined carriers thus originates from the surface states,which explains the observed high densities.
3.2 mobility and elastic scattering mechanisms
The carrier mobility of two dimensional systems is a powerful tool to inves-tigate the overall quality of heterostructures. It is defined as

µ=eτtrm∗with the effective mass m∗ and the relaxation time between two scatteringevents τtr . The transport lifetime τtr is a combination of the relaxation timesfrom different scattering events τn:1
τtr

= ∑
n

1
τn

In most cases, one scattering event m is dominant and τm� τn. This scat-tering event limits the mobility and τm can be calculated from µ if m∗ isknown. At room temperature, the scattering of carriers with phonons limitsthe mobility as shown in Figure 3.4. Relaxation times depending on struc-tural properties can thus not be determined accurately from τtr at higher
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Figure 3.4: Mobility over temperature for a) GaAs bulk material [86], b) GaN/AlGaN2DEG [87]. Scattering by phonons (optical, deformation and piezoelec-tric) limits µ at high temperatures. At low temperatures, µ is determinedby ionized impurities in bulk material and by other defects in 2DEGs.
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temperatures. This is true for 3D and 2D systems. However, a 2D carrierconfinement results in a remarkably different behavior at low temperaturescompared to 3D transport.The scattering by phonons is reduced considerably for lower temperaturesand the mobility increases. For a 3D system, a decreased temperature alsoresults in a stronger localization of carriers at their host atoms. Consequently,the scattering at the ionized host atoms represents the shortest relaxationtime. The result is a maximum of µbulk (T) at intermediate temperatures anda low mobility at low temperatures (Figure 3.4 a)).The temperature dependence of µ for a 2DEG is different as shown inFigure 3.4 b). The confined carriers are separated from their host atomsand scattering by ionized impurities is therefore reduced. This results inan increased µ for all temperatures. Furthermore, the mobility does notdecrease at low temperatures and other scattering mechanisms dominate µ.Scattering processes that depend on structural parameters mainly limitthe mobility of a 2DEG at low temperatures. The relative contributionsof different scattering events to µ depend on the sheet electron density
ns. On the one hand, a larger number of electron screens charged defectsmore efficiently. The influence of scattering at ionized point defects andthreading dislocations, which can be regarded as a line of ionized pointdefects [89], is reduced at high ns. On the other hand, the penetration depthof the confined carriers into the AlGaN increases with ns as shown forGaN/AlGaN in Figure 3.5 a). The impact of scattering at interface irregu-larities and by alloy disorder in AlGaN thus increases at high ns. Thesetwo opposing dependencies result in maximum mobilities at certain a ns asshown in Figure 3.5 b). The sheet carrier density should have this value toachieve the highest possible mobility for a given sample quality. Becauselayer thicknesses and alloy compositions mainly determine ns, the design
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Figure 3.6: Calculated bulk electron mobility of InGaN at room temperature overIn concentration [91].
of heterostructures is of great importance in order to achieve high electronmobilities at low temperature (see Section 5.2 and Section 6.4).Different aspects of growth influence the stated scattering events. The qualityof the interface to the substrate mainly determines the dislocation density.Scattering at ionized defects is a measure for the density of vacancies andother point defects. The interface roughness is an indicator for smooth andsharp interfaces. Only if all these parameters are optimized, high mobilitiescan be achieved, making µ a benchmark for the overall quality of grownheterostructures.Scattering mechanisms affect the transport in AlGaN and InGaN basedstructures in a comparable way except for the alloy scattering. In GaN/Al-GaN structures the 2DEG forms within the GaN and the quality of this layerlargely determines the mobility. Electrons can be found in the AlGaN onlywith a low probability (Figure 3.5 a)). The impact of alloy scattering from dis-order in AlGaN on the mobility in GaN/AlGaN heterostructures is thus small.In GaN/InGaN/GaN structures, the 2DEG forms within InGaN. Most of theelectrons will therefore be affected by alloy scattering. However, the effectivereduction of the mobility is only small as shown in Figure 3.6. Electronsin InN have a lower effective mass than in GaN and AlN [90] and there-fore a higher mobility. The mobility in bulk InGaN is therefore comparableto GaN for low indium contents with alloy scattering taken into account [91].Electron mobilities in AlGaN based 2DEGs as high as µ= 168000 cm2V−1s−1at 0.5 K around ns = 2× 1012 cm−2 have been achieved [46]. Such high valueswere achieved for RMS roughnesses well below 1 nm and low dislocationdensities. Reproducible state of the art results on substrate with dislocationdensities above 108 cm−2 are however restricted to low-temperature mobili-ties between µ= 20000 cm2V−1s−1 and µ= 50000 cm2V−1s−1 for otherwise
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similar crystal quality [92]. At room temperature 2DEG mobilities as highas µ= 2500 cm2V−1s−1 have been measured [45] which is twice as much asthe highest bulk mobility of GaN reported [93].Over the past years, the InN bulk mobilities at room temperature haveincreased up to µ= 3500 cm2V−1s−1 [94]. No reports on high electron mobil-ities at low-temperature for 2DEGs with InGaN layer grown by MBE werefound. This indicates the far more challenging growth of InGaN comparedto AlGaN. For MOVPE grown heterostructures with InGaN channels, thehighest reported mobilities are just above µ= 1000 cm2V−1s−1 at 4 K [95].
3.3 hall effect: a brief reminder
The previous sections explained the existence of a 2D carrier confinement inIII-nitride heterostructures with the sheet density ns. The dependence of themobility µ on different scattering mechanisms was presented. Both µ and nscan be obtained by measurements of the Hall effect. This section recalls theeffect in brief and states the measurement geometries used in this work.Electrons have the charge −e and are accelerated by an electric field ~E .After a certain time τtr , the electrons scatter which results in an averagevelocity called drift velocity ~vd:

~vd=− e τtr
m∗

~E=µ ~E
here m∗ is the effective mass.The mobility µ thus indicates how the drift velocity of electrons scaleswith an electric field. With the current density ~j = − en ~vd = σ ~E , the basicdescription of the conductivity σ depending on the carrier density n and µis obtained:

σ = en µThe conductivity σ can be calculated directly from resistance measurementsfor a known sample geometry. In order to gain the mobility µ, the carrierdensity has to be known. This parameter is obtained from Hall effect mea-surements.If a magnetic field B is applied to an electrical current I , carriers are de-flected by the Lorentz force (Figure 3.7). This results in charge depletionon one and accumulation on the other site of the material. The resultingelectric field is opposite to the direction of the Lorentz force. In equilibrium,the Lorentz force and the force by the electric field compensate each other.The charge separation is measurable by the Hall voltage UH :
w UH =RH B Ihere, w is the width of the sample. The Hall constant RH depends onlyon number and charge of the carriers: RH = - 1

en . The electron concentra-tion can thus be calculated from the lateral resistance under perpendicular
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Figure 3.7: Schematic of the Hall effect in a sample with width w , length l andthickness t. Electrons are deflected in a magnetic field B by the Lorentzforce. This results in a charge accumulation which is indicated by thecolor code. The resulting electric field ~E compensates the Lorentz forcein equilibrium. The potential difference by the charge separation ismeasured by the Hall voltage VH .
applied magnetic fields. The electron mobility is then calculated from thelongitudinal resistance and the carrier concentration obtained from the Hallmeasurements.A heterostructure will have more than one contribution to the conductance.The example in Figure 3.8 considers a GaN/InGaN/GaN with carriers in bulkGaN, a 2DEG and a 2DHG. Each of the different carriers will contribute aresistance to a parallel circuit. A reliable measurement of, e.g. the 2DEG isthus only possible if σ2DEG � σ2DHG and σ2DEG � σbulk . If the mobilitiesof the confined carriers are comparable, this implies that sheet electrondensity nsE of the 2DEG is large compared to the sheet hole density nsH ofthe 2DHG. This can be achieved by an appropriate heterostructure design(see Section 6.4). To minimize the contribution of the bulk nsE � nbulk or
µ2DEG � µbulk . This is not true at high temperatures where the mobility ofthe bulk is comparable to the 2DEG. Reliable magnetotransport measure-ments of the 2DEG are thus only possible at low temperatures.The Hall measurements in this work were performed for two different ge-ometries. The van der Pauw geometry [96] was used for quick analysis.Here, the native oxide is damaged mechanically in the corners of a 3x3 mm2sample and four indium contacts are pressed on the surface. Because ofthe large measured area, the impact of inhomogeneities is large and canlead to inaccurate results. The Hall bar geometry measures a much smallerarea. However, the preparation is more extensive and was used for detailedmeasurements of promising samples.The Hall bar structures, with length l= 520 µm and width w = 170 µm, wereproduced by lithography. The contacts consisted of 20 nm titanium, 40 nmaluminium, 25 nm titanium and 40 nm gold. They were annealed at 850 °C
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Figure 3.8: Electrical measurement of parallel channels for the example of a GaN/In-GaN/GaN heterostructure. Three channels are present: 2DEG, 2DHGand bulk GaN. Each channel represents a resistance in a parallel circuit.The conductances of the channels add up and a reliable measurement ofone channel is only possible if it more conductive than the others. Sincethe temperature dependence of σ is different for 2D and 3D transport,reliable 2D measurements are best performed at low temperatures.
under nitrogen atmosphere for 30 s. The background and optimization of themetalization can be found in the literature[97, 98, 99]. In order to measureonly a well defined area, the structures were etched outside of the Hall barby reactive ion etching.
3.4 magnetoresistance
Various scattering mechanisms determine the electron mobility. Therefore,
µ is a measure for the overall sample quality. To identify the dominatingscattering mechanisms, the magnetoresistance was studied in this work.Magnetoresistance means the magnetic field dependence of the longitudinalresistance Rxx(B). The classical Drude theory predicts no change of theresistance with magnetic field [100]. The observation of magnetoresistancephenomena is thus evidence of more physically rich effects. During this work,the well known non classical effects of weak localization (WL) and Shubnikov-de Haas oscillations (SDH) were observed. For a complete description ofthe magnetoresistance, the classical influence of structural effects has to betaken into account as well.The following subsections very briefly describe the different observed sourcesof magnetoresistance and state the information they provide. More detailedexplanations of SDH oscillations and WL are found in standard textbooks[100, 101, 102]. At the end of the section, a graphical summary of differentcontributions to the magnetoresistance is given, adding the effects of weakantilocalization and electron-electron interaction which were not studied inthis work.It should be noted that all effects are present in every sample. However, theirobservation depends on temperature, sample quality and magnetic field. In
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magnetic fields, electrons are forced into a circular motion with the cyclotronfrequency ωc . The condition ωc τtr = µ Btr > 1 means that the electrons cancomplete at least one cyclotron orbit before they scatter. For magnetic fieldssmaller than Btr , the transport is diffusive and weak localization is observed.At B>Btr , SDH oscillations are possible. Both effects require a high meanfree path and are therefore only observed at low temperatures.
3.4.1 Shubnikov-de Haas oscillations

Shubnikov-de Haas (SDH) oscillations are observed for transport at lowtemperatures for high magnetic fields [100]. The example in Figure 3.9 showsthe oscillations of the longitudinal resistance with increasing magnetic field.In the following this effect is only introduced in brief in order to illustratethe information that is gained from this magnetoresistance effect. A moredetailed description of underlying mechanisms and the stated formulas isfound in the literature [100, 101].The energy eigenvalues of a two dimensional system confined in z-directionare:
Ej = h28π2mx∗kx2 + h28π2my∗ky2 + εj

The confinement to two directions thus leads to a quantization of states asshown in Figure 3.10. The index j numbers different subbands.Carriers will move in a circular motion with the cyclotron frequency ωc = eB
m∗ ,if a magnetic field is applied perpendicular to the confined plane. Onlydiscrete kinetic energies are allowed for a quantum mechanical descriptionof this motion, which results in the formation of Landau levels (LL) as shown
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Figure 3.9: Example of Rxx (B) showing Shubnikov-de Haas oscillations [103].
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Figure 3.10Energy over density ofstates for a two dimen-sional system with zeromagnetic field and largemagnetic field applied.Separated Landau levelsform for applied B-field.
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in Figure 3.10. The energy of the n-th landau level for a subband j may bewritten as:
Ej ,n = εj + h2π

(
n+ 12

)
ωc

if Zeemann splitting is not taken into account. The number of states per LLis given by:
NLL = eB

h gs

with the spin degeneracy gs.The oscillating nature of the magnetoresistance is explained by the magneticfield dependence of the LLs. The energy difference between the LLs increaseswith magnetic field. During this process, different LLs will pass the Fermienergy. Each time the Fermi energy is at the center of a LL there is a changein the resistivity and ρxx oscillates for varying magnetic field. This allowsto calculate the carrier density ns.If the magnetic field changes, so does the number of occupied LLs. Theresistivity is maximal each time the Fermi level lies at the center of a LLand the number of occupied Landau levels is a half-integer. The relation ofthe magnetic fields B1 and B2 of two successive peaks is thus:
hns2 eB1 - hns2 eB2 = 1

The number of carriers can thus be calculated from the position of twoor more peaks in the resistivity. This method is more accurate than theextraction from the classical Hall resistance.The Landau levels alone may explain the oscillating nature of ρxx(B) butcannot explain the amplitude and especially not ρxx = 0. One way to illustratethis behavior is the presence of edge channels.Every measured structure will be finite. Sample boundaries can be seen aspotential barriers. At the edge of a sample, this leads to a rise of the LLenergy as shown in Figure 3.11 a). The Fermi energy will thus always cross
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a landau level at the edges. Electrons at the edges thus always contribute toconduction. Under a magnetic field, these edge states will exhibit a specificelectron motion.The electrons within the sample are moving in a circular motion. At thevery edge, this is not possible. Here, carriers are drawn along the edge asshown in Figure 3.11. Scattering processes do not change this motion, asthe electron will be drawn in the same direction as before the scatteringevent. For sufficient high fields, this results in zero resistance.Each time a LL crosses the Fermi level within the sample, states between theedges states become available. Electrons from the edge channels can nowbe scattered into states at the opposing edge. This backscattering results inan increased resistivity.Potential fluctuations result in a broadening of the LLs. This can be seen asthe influence of scattering potentials that limit the lifetime of an electron ina certain LL, i.e. quantum state. This lifetime is called quantum lifetime τqand has an impact on the amplitude of the SDH oscillation [104]:

∆ρxx
(
B
)

ρxx
(
B=0) = 1 − 2 exp(− π m∗

τq eB

) (
χsinhχ

) cos (2π EF)
with χ = 4π3 kbm∗ T

ehB .The implicit temperature dependence is only in χ . The effective mass m∗can thus be calculated by comparing the oscillations at different tempera-tures [105]. For a known effective mass, the quantum lifetime τq is the onlyunknown variable left and can be obtained by fitting the experimental data[105].The ratio of transport lifetime τtr and quantum lifetime τq provides informa-tion about the dominant elastic scattering process. The transport lifetime isderived from the mobility which is determined from electrons moving alongan applied field in one direction. Scattering processes with small angles will
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Figure 3.11: Edge channel model: a) energetic position of Landau levels over samplewidth with an upward band bending at the edges. b) electron motion inthe sample with cyclotron motion in the center and drift at the edgesdue to magnetic field. c) channels at the edges carrying the current.
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Figure 3.12Schematic of electron propagating through a mediumwith a) large angle scattering and b) small anglescattering. τq, which accounts for every scatteringevent equally, is similar in a) and b). τtr increasesfor large angle scattering in b) compared to a).
τq≈τtr

τq≪τtra)

b)
scatterer

therefore have less impact on τtr than large angle scattering events as isdepicted in Figure 3.12. The quantum lifetime accounts for every scatteringevent equally. The ratio of τtr/τq is thus a measure of the scattering angleof the dominating scattering process [106, 107].
3.4.2 Weak localization

Weak localization can be observed for diffusive transport [108, 109]. In thisregime, electrons are scattered along their way. Not every scattering processis inelastic and the phase information is not lost at every scattering event.Therefore, two time scales are relevant: the elastic scattering time τe and theinelastic scattering time τi. At higher temperatures inelastic electron-phononscattering dominates the carrier transport. Only for lower temperatures τican be significantly larger than τe. Under these conditions, weak localizationis observed.There are many possible paths an electron may follow while moving through amedium with elastic scatters as illustrate in Figure 3.13. During propagationfrom A to B, an electron will change its phase. The phase is changedreversibly and not lost for elastic scattering. The probability of any electronbeing transported from A to B depends on the way taken and is alsoinfluenced by interference. For most possible trajectories, interference willbe unlikely because of the random distribution of phases.The situation changes for electron trajectories that cross each other. In sucha loop, an electron can take two different directions, ending at the same

Figure 3.13Possible path of an electron from A to B in amedium with scatters. The motion along closedloops is possible in two directions. Electrons inclosed loops do not contribute to current and whichresults in weak localization.
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point after the same amount of scattering events with an identical phase. Itcan be shown, that the probability of carriers propagating on closed loopsis increased, if interference is taken into account [100]. This implies thatthe resistance will increase compared to the classical transport as electronsare localized in the closed loops and do not contribute to a current. Themaximum size of a closed loop will depend on the inelastic scattering timebecause the phase needs to be conserved for constructive interference. WLis therefore only observed if τe < τi.The previous consideration implied no magnetic field. In the presence of amagnetic field, the direction in the loop will influence the trajectory and thephase. At zero field, loops of all sizes contributed to a change in resistivity.For increasing magnetic field, the size and thus the number of closed loopsdecreases. The resistance therefore decreases with increasing field and theclassical value is obtained at high fields. A resulting magnetoresistancemeasurement is shown in Figure 3.14.In high quality samples, the scattering centers are further apart than instructures of lower quality. The smallest possible loops therefore cover alarge area in high mobility samples. As large closed loops are alreadyprohibited at low magnetic fields, the WL is observed only at low B-fieldsif µ is large. With increasing temperature, the inelastic scattering lengthdecreases rapidly. If the phase information is lost within a closed loopdue to inelastic scattering, this loop will not contribute to WL. WL is thusonly observed at low temperatures and vanishes if every scattering event isinelastic.The correction of the conductivity by WL can be written as:

∆σWL
(
B
) = e2

π h

[
ψ
(12+τeτi BtrB

)
−ψ

(12+BtrB
)
− ln(τeτi

)]

Figure 3.14: Example of Rxx (B) with weak localization measured at T = 130 mK indelta-doped silicon [110].
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Figure 3.15: Transport influenced by a potential of impenetrable discs. a) Trajecto-ries of carriers at different magnetic fields. Cycling carriers describecircular motions and do not contribute to current. At large fields, carri-ers are scattered at the same disc multiple times, which results in arosette like motion. The area covered by the rosette is larger comparedcarriers just moving in cyclotron trajectories and are therefore morelikely to scatter. b) Illustration of the empty corridor. Due to backscat-tering an area is passed twice by a carrier, which is free of scatterers.This area decreases with increasing magnetic field. c) The resistivityresulting from this model exhibits three different ρxx (B) dependencies,observable at low, intermediate and high B-fields.
here τe is the elastic scattering time, τi is the inelastic scattering time, ψ(x)is the digamma function and Btr = h4π2 e l2e is the transport magnetic fieldwith the elastic mean free path le. By fitting the experimental conductivitythe elastic mean free path le, as well as the ratio τe/τi, are obtained. Fromthe temperature dependence of τi, the dimension of transport, as well as thedominant inelastic scattering process, can be gained [111, 112].
3.4.3 Classical influence of scattering potentials

The Drude model predicts no magnetic field dependence of the longitudinalresistance Rxx . The Lorentz model gives a more physically rich descriptionof transport in a medium. It investigates non interacting, free electronsscattered at randomly distributed impenetrable disc potentials of diameter
a and a mean separation la [113]. This model predicts a change of Rxx withmagnetic field.Possible electron trajectories in a random disc array for different magneticfields are depicted in Figure 3.15 a). At low magnetic field, the cyclotronradius of the electrons is large. Only few electrons describe a circular motionwithout being scattered. They are called cycling electrons. Many wandering
electrons are scattered and described a diffusive motion. Because cyclingelectrons do not move through the medium they do not contribute to carriertransport. With increasing magnetic field their number increases. This leads
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to a decreased because the carriers follow circles with smaller radius andscattering is less likely.The cycling electrons do influence the longitudinal conductivity σxx aswell as the Hall conductivity σxy. To find the correct expression for thelongitudinal magnetoresistance, the ρxx element of the resistivity tensor hasto be calculated. The result is a negative exponential magnetoresistance.This result is only valid in the limit of point scatterers. Finite size discsallow for recollision processes, especially at higher magnetic fields. Theelectrons then follow a rosette like trajectory which covers a larger areacompared to the cyclotron orbit as depicted in Figure 3.15 a). This leadsto an increased probability of scattering at other discs and modifies theexponential behavior of Rxx [114].At lower magnetic field, the empty corridor effect has to be consideredwhich is illustrated in Figure 3.15 b) [115]. After backscattering, an electronmight pass through the same region as it traveled before scattering. Thereis no scatterer in this corridor and the probability of scattering is reduced.Because the electron moves in the opposite direction after backscattering, itis deflected in a different direction by a magnetic field. The probability offollowing an empty corridor is therefore reduced at higher magnetic fields.Numerical calculations taking both considerations into account result in thefollowing magnetoresistance [116]:
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Figure 3.16: Transport influenced by a potential of impenetrable discs and a smoothrandom potential. a) illustration of the potential, b) the characteristicmagnetoresistance influenced by such a potential is negative at low
B-fields and positive at higher B-fields.



62 two dimensional electron transport in iii-nitrides
different dependencies of Rxx on the magnetic field are found. The ratio of
a/la can be obtained from the values of the magnetic field at the transitions.The magnetoresistance changes drastically if a smooth potential is addedto the random array of impenetrable discs as illustrated in Figure 3.16 a).The potential is characterized by smooth changes in the potential landscapeover a diameter d separated by the distance ld with d � a and ld � la.Depending on the four parameters a, la, d and ld various dependenciesof Rxx on the magnetic field are expected [114]. One example is given inFigure 3.16 b).
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Figure 3.17: Overview of different contributions to the magnetoresistance togetherwith the parameters than can be obtained from Rxx (B). WAL and El-Elhave not been studied in this work and are given for completeness.





S U M M A RY O F T H E B A C KG R O U N D
High quality polar GaN, AlGaN and InGaN layers grow under metal bilayerstabilized conditions by MBE. The typical nitrogen pressure in the growthchamber is pgrowth = 10−5 mbar, which is low compared to VPE techniques.At this pressure, GaN decomposes at 800 °C for N-rich or stoichiometricconditions. This temperature is too low for the activation of kink sites, whichis needed for smooth 2D growth modes. Growth under gallium or indiumbilayer stabilized conditions increases the surface diffusion of nitrogen com-pared to diffusion on the bare GaN (0001) surface. In addition, the metallicadlayers reduce the decomposition temperature to 720 °C, which decreasesthe kinetic barrier of kink sites. Two dimensional spiral growth is observedunder bilayer conditions and atomically flat morphologies are obtained.The growth on affordable foreign substrates by MBE results in a higherdislocation density than growth by other techniques. Heterostructures withlow dislocation densities are therefore grown on templates.RHEED is a versatile in-situ technique in MBE. The RHEED patternsprovide information about the roughness, the orientation and the in-planelattice constant of the growing film. The RHEED intensity can be used toanalyze the growth rate, the III/V ratio and the metal coverage. It is thus apowerful tool for growth optimization.Group III-nitrides exhibit strong pyroelectric polarization. This enables twodimensional carrier confinement in heterostructures without modulated dop-ing. Polarization fields cause electrons to accumulate within GaN in GaN/Al-GaN, while holes accumulate in InGaN in GaN/InGaN heterostructures. Thelow-temperature mobilities of the confined carriers depend strongly on theinterface quality and on the bulk crystal quality of GaN for GaN/AlGaNand of InGaN for GaN/InGaN heterostructures. The analysis of the magne-toresistance at low temperatures provides information about the dominantscattering mechanisms. The low-temperature electrical characterization canthus be used to examine the impact of different growth optimization stepson the quality of grown heterostructures.In the next part, the growth optimization process of GaN, GaN/AlGaN andGaN/InGaN structures will be discussed in detail. The starting point ofoptimization will be based on the considerations and publications presentedin part I. RHEED is used in a great part of the process. The impact of eachoptimization step on structural and low-temperature electrical propertieswill be presented.
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Part II
R E S U LT S O F G R O W T H O P T I M I Z AT I O N





4

G A L L I U M N I T R I D E

GaN layers grown in the [0001] direction are the basis for all
GaN/AlGaN and GaN/InGaN structures investigated in this work.
The optimization of GaN growth is therefore a key factor for the
quality of heterostructures. This chapter presents the optimization
process and the parameters obtained for high quality GaN growth
in detail. For each step, the effects on the structural quality are
presented. Low-temperature 2DEG mobilities of GaN/AlGaN struc-
tures, which are highly dependent on the GaN quality, complement
the results.

4.1 substrate pretreatment
The lack of suitable substrates is a challenge in GaN growth. Sapphire isthe material of choice in most cases. In order to obtain a good crystal quality,various growth steps and thick layers are required [36, 12]. Great progresshas been made, reducing the density of threading dislocation for GaN (0001)grown by MBE directly on sapphire significantly [18]. Nevertheless, thetypical number of dislocations is higher than for commercially availabletemplates. These substrates consist of thick GaN layers grown directly onsapphire by other techniques. The structures presented in this work weregrown on MOVPE grown GaN templates consisting of 3 µm GaN on sapphire[16] with a nominal dislocation density of 4 × 108 cm−2.The first optimization step thus addresses the MOVPE/MBE interface.Contaminations at this interface are the source of additional dislocations.During optimized growth by MBE the number of dislocations does notreduce significantly. Dislocations follow the growth direction and do notannihilate or leave the crystal at its boundaries. The dislocation density isthus mainly determined before the actual growth and the dislocation densityof the template determines the smallest possible number of dislocations fora grown structure. This stresses the importance of the pretreatment of the
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200 nm 200 nm

MOVPE MOVPE

MBE MBE

with nitridation no nitridation

Figure 4.1: Transmission electron micrographs of a sample with nitridation (SampleID: G0166) and a sample without nitridation (Sample ID: G0107) beforeGaN growth. Dislocations form at the MOVPE/MBE interface withoutnitridation.
substrate.All structures were grown on 10×10 mm2 pieces which were cut from 2-inchwafers. After dicing, the substrates were cleaned first with acetone and thenwith 2-propanol in an ultrasonic bath at low power. They were then blowndry with nitrogen quickly to prevent stains from drying solvents. Afterwards,the samples were heated up to 200 °C in the loadlock and up to 600 °C in thetransfer vacuum chamber for 10 min respectively. This time was sufficient fora decrease of the background pressure while longer baking times resulted incarbon formation as indicated by Auger electron spectroscopy. The templatesurface did not show any contaminations after this cleaning process in atomicforce micrographs.However, residual impurities of carbon, oxygen and silicon absorbed on thesurface cannot be detected by AFM. Such contaminations induce a highnumber of threading dislocations [93]. By treating the substrate with activatednitrogen for 15 min, no additional dislocations formed at the MOVPE/MBEinterface as shown in Figure 4.1. Consequently, this step significantlyimproved the 2DEG mobility of GaN/AlGaN structures. For a sample withnitridation, the mobility was µ= 5200 cm2V−1s−1 with ns = 7.2 × 1012 cm−2at 4 K while for an otherwise identical sample without this step the mobilitywas only µ= 1918 cm2V−1s−1 with ns = 6.8 × 1012 cm−2 at 4 K.
4.2 optimum growth conditions
Growth conditions in MBE are given by the substrate temperature, thenitrogen flux and the metal flux. Gallium bilayer stabilized conditions pro-duce the best results for GaN (0001) in terms of crystal quality and surface
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morphology (see Section 1.4 and Section 1.5.2). Growth in this regimerequires a sufficient Ga desorption rate to avoid droplet formation. Adequatehigh substrate temperatures are therefore needed depending on the appliednitrogen conditions. The gallium flux is then chosen according to the Gacoverage to provide a stable Ga bilayer. At higher temperatures, the GaNdecomposition rate becomes comparable to the growth rate and limits theapplicable substrate temperatures.The nitrogen conditions are given by the power supplied to the high fre-quency alternating field of the plasma source P and the flow rate of molecularnitrogen FN2. Depending on the two parameters different ratios betweenactivated molecular and atomic nitrogen species are obtained as shownin Figure 4.2. No stable plasma is achieved for high nitrogen fluxes atlow excitation powers. At higher powers, the amount of atomic nitrogenincreases compared to molecular nitrogen species. As atomic nitrogen mainlycontributes to growth [117], the growth rate increases not only with thenitrogen flow but also with the plasma power. It has however been reportedthat higher plasma powers generate a higher density of point defects [44].All samples presented in this work were grown with a power of 300 W anda flow rate of 0.5 sccm. The resulting growth rate is 3 nm/min for a Ga-fluxcorresponding to stoichiometry. The ratio of molecular to atomic nitrogenwas 1.5. These conditions were chosen to allow for stable plasma operationat lower powers with a decent growth rate.
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Figure 4.2: Ratio of activated molecular to atomic nitrogen for stable plasma con-ditions. The values were determined from the optical spectrum of theplasma by the ratio of two intensity ranges which are characteristic foratomic and molecular nitrogen transitions [118, 119].
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Figure 4.3: GaN bilayer diagram over substrate temperature and Ga-flux givennormalized to the GaN stoichiometry at 600 °C. Nitrogen conditions:
FN2 = 0.5 sccm and P = 300 W. The three transitions of the Ga cover-age were determined by RHEED: N-rich to Ga-rich (stoichiometry),monolayer-bilayer and bilayer-droplet.

The gallium coverage was investigated by monitoring the RHEED intensityduring gallium desorption. Here, the stoichiometry and the limits of stablebilayer coverage depending on the Ga-flux were obtained according to themethods introduced in Section 2.2.3 and Section 2.2.4. The gallium flux isgiven normalized to the stoichiometric flux. The results of this analysis atdifferent temperatures are given in Figure 4.3. The stoichiometric point isconstant within the investigated temperature range. The monolayer-bilayerand bilayer-droplet transitions increase with the substrate temperature. Thisis due to the enhanced desorption of Ga from the surface with increasingtemperature. As a consequence, the bilayer regime vanished at temperaturesbelow Ts = 600 °C and droplets form for fluxes higher than the stoichiometry.This marks the low temperature limit for growth under Ga bilayer stabilizedconditions.All samples grown under Ga bilayer stabilized conditions showed the spiralgrowth mode as depicted in Figure 4.4. This growth mode produces goodsurface morphologies with atomically flat terraces. For a more detailed studyof the impact of the Ga/N ratio within the bilayer regime on the crystalquality, GaN/AlGaN 2DEG structures were grown for 1 < Ga/N < 1.5 at
Ts = 700 °C. The results of the electron mobility at 4 K over Ga/N are givenin Figure 4.5. A strong dependence on the Ga-flux is observed with a maxi-mum mobility at the bilayer-droplet transition. This is comparable to reportson transport in bulk GaN [41, 22]. The relative change of the mobility for2DEGs is, however, much stronger than for bulk material. This suggests thatGa-flux not only has an influence on the bulk properties but also a high
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z-scale: 6.0 nm

Figure 4.4Atomic force micrograph ofGaN (0001) grown under Ga bi-layer stabilized conditions. Spi-ral hillocks with atomically flatterraces are observed.
impact on the surface morphology which determines the interface quality inheterostructures.In order to identify the high temperature limit given by GaN decomposition,the growth rate depending on temperature was measured by RHEED oscil-lations under stoichiometric growth conditions. The growth rate decreasesabove 750 °C as shown in Figure 4.6. This is in reasonable agreement withthe decomposition of GaN in MBE under an activated nitrogen environment[117]. The decomposition temperature under metal-rich conditions is, how-ever, lower due a decreased kinetic barrier for decomposition under a metaladlayer. A reduction in the decomposition temperature from to 720 °C has

bilayer droplet

Figure 4.5: Electron mobility in a 250 nm GaN / 25 nm Al0.15Ga0.85N / 50 nm GaNstructure over Ga-flux. With increasing ratio the mobility increases inthe bilayer regime and decreases under droplet conditions. The highestmobility is obtained at the bilayer-droplet transition.
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Figure 4.6: Decrease of the growth rate at higher substrate temperatures indicat-ing decomposition. Squares: data obtained by RHEED oscillations,triangles: normalized data by VanMil et.al. [25].
been reported [43]. The substrate temperature under the applied nitrogenconditions for Ga-rich growth is thus limited to 720 °C.It has to be noted, that the substrate temperature values given in this workare based on the absolute temperature calibration presented in Appendix C.They do not represent the temperature readings on the MBE setup usedin this work. During the optimization process, the control temperature wasadjusted according to the Ga coverage with respect to the applied nitrogenconditions in order to reproduce growth conditions. After the experimentalphase of this work, the temperature calibration given in Appendix C wasapplied to all results to provide absolute and comparable substrate temper-ature values.The impact of the substrate temperature on the electron mobility was notstudied in detail in this work. A substrate temperature of 700 °C was cho-sen as the surface diffusion of gallium is highest at this temperature (seeFigure 1.9). All heterostructures presented in the following chapters arebased on GaN buffer layers grown at Ts = 700 °C with Ga/N = 1.4 at thebilayer-droplet transition.
4.3 modulated growth
A strong dependence of the mobility on the Ga-flux with a maximum atthe bilayer-droplet transition was presented in the previous section. Thisillustrates the importance of constant growth conditions. They are, strictlyspeaking, met by a single Ga-flux at a given substrate temperature. Evenwith extensive calibration of all parameters, this is difficult to achieve. Tem-perature inhomogeneities on the surface and changes in the Ga-flux over
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desorption

shutter reaction

Ga+N shutter
closed

beginning of
bilayer desorption growth

restarted

Figure 4.7: RHEED intensity during modulated growth. The growth is interruptedevery 7.5 min for desorption of excess Ga. The inset shows one desorptionstep. After all shutters a close, the intensity increases abruptly whichis not related to desorption. As soon as desorption is indicated, thegrowth is restarted.
time make constant growth conditions impossible over longer periods andover the whole sample. By applying a modulated growth technique, theimpact of such deviation was reduced.Modulated growth techniques are often employed for growth on large sub-strates to counteract the droplet formation in colder areas with lower desorp-tion rates [50]. Most commonly used is the metal modulated epitaxy (MME).Here, the metallic adlayer is fully incorporated during intervals where onlynitrogen is supplied. This allows to compensate differences in the metalcoverage on a surface due to temperature inhomogeneities. In this work, adifferent approach was applied because of the small size of grown samples,where large area temperature inhomogeneities are negligible.As it was demonstrated, the surface should be covered with a Ga bilayerduring optimum growth. The complete removal of the metal is thereforenot desired as the growth would restart under non ideal conditions. Aninterruption should allow enough time for the reduction of excess Ga withoutdisintegrating the Ga bilayer. This can be monitored by the RHEED inten-sity, which increases when the bilayer desorption or incorporation starts (seeFigure 2.14). During an interruption step, the RHEED intensity was thuscontrolled and the growth was restarted as soon as the RHEED intensityincreased. The desorption rate is smaller than the growth rate at the appliedsubstrate temperature. The interruption is this longer for desorption thanfor MME, where growth continues during interruption, as only the metalshutter is closed. Desorption steps thus provide a longer time to react onchanges in the RHEED intensity compare to MME. This allows for a bettercontrol of the growth, and frequent desorption steps were applied in this
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Figure 4.8: Electron mobility over carrier concentration at 4 K for selected GaN/AlGaN structures indicating the impact of active nitrogen treatmentbefore growth and modulated growth. The highest mobilities wereobtained for nitrogen treatment with modulated GaN growth with a Gasupply at the bilayer-droplet transition.
work instead of MME.An example of the RHEED intensity during growth of a thick GaN layerwith desorption steps is given in Figure 4.7. The inset shows one exemplarydesorption step. The growth is restarted as soon as the intensity indicatesa desorption of the Ga bilayer. To minimize Ga accumulation, the growthshould be interrupted frequently. However, the number of growth interrup-tions has to be limited because the cell shutters might suffer from manyopen/close cycles. In addition, a high amount of interruptions decreases theeffective growth rate. As a balance between small Ga accumulation and areasonable growth/desorption ratio, growth periods of 7.5 min were chosen.The samples produced with this modulated technique showed an increasedhomogeneity and no gallium droplets on large parts of grown samples evenunder highly Ga rich growth conditions.Another benefit of this technique is that the Ga coverage is checked at eachdesorption step. Changes in the gallium flux and the substrate temperaturewere thus detected and compensated. In this way, the reproducibility in-creased. Furthermore, an increase of the electron mobility in GaN/AlGaN2DEG structures was achieved as shown in Figure 4.8.



5

A LU M I N I U M G A L L I U M N I T R I D EH E T E R O ST R U C T U R E S

The electron mobility in GaN/AlGaN 2DEG structures is mainly in-
fluenced by the quality of GaN. The impact of growth optimization
on the mobility was therefore presented in the previous chapter.
This chapter addresses the growth of AlGaN only briefly. It pays
closer attention to the dependencies of the electronic properties
on the heterostructure design. The dominating scattering process
at low-temperature is identified by an analysis of the magneto-
transport data. A substantial part of this study is based on results
obtained by Murat Sivis during his diploma thesis. The last section
presents the results of an investigation on the sensitivity of grown
GaN/AlGaN structures to ionic solutions.

5.1 growth conditions and structural quality
Two dimensional electron gases (2DEGs) form along the GaN/AlGaN inter-face. Electrons in the channel mainly move on the GaN side of the interfaceand have only a small penetration depth into the AlGaN layer (see Sec-tion 3.1). The focus of AlGaN growth optimization with respect to the electronmobility in 2DEGs is thus on the interface and not as much on the bulkquality of AlGaN. In the following, only the optimization of heterostructureswith thin AlGaN layers and low aluminum content is considered as theyresult in the highest mobilities (see Section 5.2).The growth of ternary compounds is always a compromise between theoptimal growth conditions of the two binary materials involved. Compared toGaN growth, this implies a higher growth temperature for AlGaN, becauseof the higher thermal stability of AlN. Just as for GaN growth, the optimumgrowth temperature at half the melting point is not available due to de-composition under MBE conditions. On this account, Ga bilayer stabilizedgrowth conditions, which enhance the surface diffusion of nitrogen, wereapplied during AlGaN growth. Growth under Al-rich conditions is not possi-
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Figure 5.1Atomic force micrograph of theGaN (0001) surface for a GaN/Al-GaN/GaN heterostructure. Atomi-cally flat terraces are observed.

z-scale: 3.5 nm

ble because aluminium preferably incorporates over gallium and only AlNgrows under an aluminium adlayer. Smooth GaN/AlGaN heterostructureswere grown under Ga bilayer stabilized conditions as shown in Figure 5.1.During AlGaN growth, less Ga incorporates compared to GaN growth. Inprinciple, this has to be compensated by adjusting the applied Ga-flux. Inthis work, only one Ga cell was used, and a change of the Ga-flux thusrequires a change of the Ga cell temperature. This results in a growthinterruption which increases potential contaminations from the ambiance.The changes in the growth conditions for AlGaN growth compared to GaNgrowth are however small for thin layers with little Al content (< 25 nmand < 0.25 %). Consequently the Ga-flux and the growth temperature werekept at optimum GaN growth conditions during AlGaN growth in order to

200 nm 10 nm

GaN (MBE)

GaN (MOVPE)

GaN (MBE)

AlGaN barrier

GaN cap layer

Figure 5.2: Transmission electron micrograph of GaN/AlGaN/GaN sample G0490.No additional dislocations form at the heterostructure interfaces. Sharptransitions between GaN and AlGaN are observed.
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minimize the growth interruption time. TEM images indicated sharp, smoothinterfaces with no additional dislocations for the applied growth conditionsas shown in Figure 5.2.Apart from the interface quality, the Al content is of importance for GaN/Al-GaN heterostructures. Aluminium is preferably incorporated over Ga due tothe higher bond strength of Al-N compared to Ga-N. Deosprtion of Al canbe neglected at the applied substrate temperature. This means that everyAl atom adsorbed on the surface binds with a N atom before any Ga-Nbond forms. The aluminium content is therefore determined by xAl = Al/N[48] under overall metal rich conditions (Ga+Al > N). The Al concentrationwas thus determined from the fraction of the applied Al-flux compared tothe stoichiometric flux for AlN growth. In addition, the Al content in grownlayers was confirmed by X-ray diffraction measurements regularly [120, 121].
5.2 gan/algan heterostructure design
The foundation of a high electron mobility µ in 2DEG heterostructures is agood crystal and interface quality. Furthermore, µ depends on the electronsheet carrier density ns (see Section 3.2). As will be presented in this section,the thickness of different layers and the Al content in GaN/AlGaN structureshave a significant impact on ns. Thus, the design of the heterostructureis essential to achieve the higher possible mobility for a given structuralquality.All AlGaN based heterostructures presented in this work have the samegeneral layer stacking as illustrated in Figure 5.3. They consist of thick GaNlayers grown on MOVPE templates followed by an AlGaN layer. Structuresare capped with GaN layers to obtain the same surface potential, indepen-dent of the Al content. For such structures, a maximum low temperatureelectron mobility is expected around ns = 2 × 1012 cm−2 [122].The electron concentration of 2DEGs was calculated using the self consis-tent Schrödinger-Poisson solver nextnano3 [123]. Apart from the parametersdiscussed in the following paragraphs, other factors will affect ns that have

MOCVD GaN

sapphir

MBE GaN
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AlxGa1-xN
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Figure 5.3Typical GaN/AlGaN stack-ing used in this work to-gether with a sketch of theconduction band minimum(CBM) indicating the 2DEGat the interface.
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370 380 390 400
-4

a) b)

Figure 5.4: Dependence of ns on thickness tAlGaN and xAl. a) profile of CBM andVBM for increasing AlGaN thickness. The Fermi level is pinned at thesurface. Above a certain thickness CBM drops below EF and a 2DEGforms. For better illustration, no doping is considered in this picture. b)
ns for different Al contents with varying AlGaN thickness, with dopingtaken into account. ns increases with xAl and tAlGaN .

not been studied experimentally in this work. One is the position of theFermi level at the surface. It is fixed at 1.2 eV below the conduction bandminimum [82]. Other parameters were used as provided by nextnano3.Figure 5.4 a) shows the valence band maximum (VBM) and the conductionband minimum (CBM) profile for a GaN/AlGaN/GaN structure. Here, nodoping is considered for better illustration. At the surface, FL is pinned to1.2 eV below CBM. The bands tilt downwards with respect to the surface inthe AlGaN layer according the direction of the polarization fields. As fora capacitor, the voltage difference at the boundaries of the AlGaN layerincreases with increasing AlGaN thickness tAlGaN under the constant polar-ization fields. Above a certain thickness, CBM drops below FL. Electronsthen occupy the free states causing a band bending in the GaN. The resultis a 2DEG in an almost triangular well.The depth of the well increases with tAlGaN and so does ns as shown inFigure 5.4 b). Here, and in the following, n-type doping is taken into accountwith a concentration of n= 2 × 1017 cm−3. The doping concentration wasdetermined from transport measurements and is caused by the unintentionalbackground doping through point defects in GaN. For higher polarizationfields, CBM drops below FL at thinner layers. Therefore, a 2DEG forms atthinner AlGaN layers for higher aluminium contents and ns increases with
xAl.The charge of the electron channel causes an additional field between the2DEG and the surface. The strength of the field depends on ns and is of theopposite direction of the polarization field. It thus decreases the effectivefield in the AlGaN layer. In addition it causes an upward tilt of CBM withinthe GaN cap layer (see black line in Figure 5.4 a)). Both, the reduction ofthe effective field in the AlGaN layer and the tilt of the band within thecap layer, affect the sheet carrier density ns, which then again results in
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Figure 5.5: Dependence of ns on GaN cap layer thickness, with doping. a) CMBand VMB profile for different cap thicknesses. The screening of thepolarization and the surface charge results in a band bending withinthe cap layer. For thick cap layers, both charges are fully screened. b)
ns depending on cap layer thickness. ns saturates for thick cap layers.

a change of the field itself. Self consistent calculations of this mechanismshow an effective reduction of ns with increasing GaN cap layer thicknessup to a certain GaN thickness as shown in Figure 5.5 b). If the thicknessis increased further, the bands within the GaN bow due to screening ofthe surface potential by electrons from cap layer as shown in Figure 5.5 a).Ultimately, ns becomes independent of the cap layer thickness.It should be noted that thick cap layers are not practical. To minimize bulkcontributions, the 2DEG is contacted directly (see Section 3.3). Ohmic con-
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tacts were prepared by annealing a stack of metallic layers, which diffusedabout 75 nm into the material. If the 2DEG lies deeper, a direct contactrequires additional processing. Up to 75 nm ns decreases with increasingcap layer thickness, and thicker GaN cap layers were only applied to reduce
ns.A contour plot of ns depending on xAl and tAlGaN is given in Figure 5.6.The 2DEG depletes for thin AlGaN layers with low Al content. For large
xAl and tAlGaN the quantum well is deep enough for the second subbandto drop below the Fermi energy. This should be avoided because of inter-subband scattering [124, 125]. Furthermore, it complicates the analysis ofmagnetotransport data, as electrons in the second subband represent anadditional conduction channel with different ns and µ [126, 127].The sheet carrier density around which high µ is achieved is indicated inFigure 5.6 by the black line. High mobility structures are achieved for awider range of AlGaN thicknesses at lower xAl. It is also evident that for low
xAl small deviations from intended heterostructure parameters have a smallerimpact on ns than for high Al contents. A better reproducibility of the carrierdensities is thus achieved at low xAl and the impact of fluctuations in tAlGaNand xAl on ns reduces. In addition, low Al contents are desired in order toreduce the effect of alloy scattering [128]. This work is therefore focused onthin AlGaN layers with low Al contents (< 25 nm and < 0.25 %).
5.3 magnetoresistance
The two dimensional electron gas is mainly confined in the GaN bufferlayer in GaN/AlGaN heterostructures. The growth optimization of GaN thus

Figure 5.7: Temperature dependence of µ and ns of sample G0502(200 nm GaN / 25 nm Al0.15Ga0.85N / 5 nm GaN) showing a typical2DEG dependence with almost constant ns and µ at low temperatures.
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Figure 5.8: Results from gate dependent measurements of µ(ns) for sample G0490(200 nm GaN / 25 nm Al0.15Ga0.85N / 25 nm GaN). A maximum is observedat ns = 2.2 × 1012 cm−2 due to the impact of different scattering pro-cesses.
has the biggest impact on the 2DEG mobility. These results have thereforealready been presented in Chapter 4. In the following, the magnetoresistanceof selected optimized structures is discussed in order to identify the scatter-ing mechanism that has the biggest impact on low temperature transportand limits the mobility.The temperature dependence of µ and ns for a high mobility structure isgiven in Figure 5.7. Both µ and ns show a typical 2DEG behavior. At lowtemperatures, the sheet carrier density is almost independent of T . Above120 K the contribution from bulk electrons sets in and ns increases. Theelectron mobility is decreased at higher temperatures due to an increasedscattering rate by phonons.The electron mobility does not only depends on the sample quality butalso on the sheet carrier density (see Section 3.2). To investigate if themaximum electron mobility for the given structural quality was achieved,the dependence of µ on ns was studied. This was done for some structureswith a top gate. If the voltage applied to the top gate is varied, the electronconcentration changes and µ(ns) can be measured. One result is given inFigure 5.8. For low carrier concentrations, the mobility increases with ns dueto the improved screening of charged scatterers. For high ns, the probabilitydensity broadens and a larger fraction of carriers is found close to theinterface or even within the AlGaN. This increases the impact of scatteringby interface roughness and alloy disorder, and the mobility decreases withincreasing ns. The maximum mobility is found around ns = 2 × 1012 cm−2, ingood agreement with literature the [88, 122]. The optimization of the electronconcentration in terms of heterostructure design was thus successful.
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Figure 5.9: Normalized magnetoresistance of sample G502 with
µ= 21500 cm2 V−1 s−1 at ns = 2.44 × 1012 cm−2 at 2 K. SdH os-cillations are observed above 2 T at 2 K. At 12 K the B−1 lnBdependence at low B-fields and the B12/7 dependence for higher
B-fields indicate the presence of a smooth scattering potential and apotential of impenetrable discs.

The highest mobility obtained during this work was µ= 21500 cm2V−1s−1with ns = 2.44 × 1012 cm−2 at 2 K for a 250 nm GaN / 25 nm Al0.15Ga0.85N /50 nm GaN structure. The magnetoresistance of this structure at low temper-atures is shown in Figure 5.9. Clear Shubnikov-de Haas (SdH) oscillationswere observed above 2 T and were used to obtain different parameters. Themobility was calculated from the resistivity at B= 0 T together with thesheet carrier density from the periodicity over 1/B [100]. An effective mass of
m∗= 0.204m0 resulted from the temperature dependence of the amplitude[105] which is in close agreement with the literature [90]. With the knowledgeof µ, ns and m∗ the transport lifetime τtr = 2.55 ps as well as the meanfree path ltr = 565 nm were calculated from µ= e τtr/m∗ and le = vF τtr . Inaddition, a quantum life time τq = 0.83 ps was gained from the amplitude ofSDH oscillations over magnetic field [105].The dominating scattering mechanism can be identified from τtr/τq. Thisratio is a measure of the average scattering angle. The transport relaxationtime is derived from the mobility, which is determined by the motion ofcarriers along an applied field. Therefore, large angle scattering processescause a stronger reduction of τtr than small angle scattering, while theimpact on τq is equal for every scattering event. For the presented struc-ture, the ratio is τtr/τq = 6.7, which results from small angle scattering andsuggests scattering dominated by dislocations [106]. Furthermore, the meanfree path corresponds to a density of 3.13 × 108 cm−2, which is close to thedislocation density of the substrate. Therefore, the scattering at dislocationsoriginating from the substrate is the main elastic scattering mechanism at
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low temperatures.This indicates that the growth optimization was successful. No further dislo-cation were incorporated during MBE growth and the quality of the substratemainly limits the mobility.As the amplitude of the SdH oscillations weakens with increases temperature,another contribution to the magnetoresistance is observed as shown for 12 Kin Figure 5.9. For the presented measurement two different dependenciesare found. At low magnetic fields the magnetoresistance is proportional to
B−1ln(B) and at high fields to B12/7. This Rxx (B) dependence is observedfor 2D carrier transport affected by two potentials [114]. One potential isdescribed by a random distribution of impenetrable discs with radius a andmean distance la. The other describes smooth potential changes over aradius d and the mean distance ld. The model is applicable if a � d and
la � ld.In order identify the origins of the two potentials, the impact of a threadingdislocation and atomic steps from surface roughness on the conduction bandminimum (CBM) was calculated by two dimensional Schrödinger Poissoncalculations. This allows to analyze the potential change along the GaN/Al-GaN interface, i.e. the moving direction of the accumulated electrons.The atomic step results in a barrier in the minimum of CBM along theinterface as shown in Figure 5.10. The height of the barrier is 0.01 eV,and it extents about 3 nm around the step. A dislocation in GaN can beapproximated by a line of ionized point defects with acceptor character at2.2 eV below the conduction band minimum [89]. Such a point defect can
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Figure 5.11: Impact of a dislocation on the 2D CBM profile. The dislocation wasapproximated by a line of acceptor like point defects [89]. The 2DEGis depleted around the dislocation with a radius of 25 nm.
be found every two monolayers along the c-direction [89]. In Figure 5.11,the profile of CBM along the interface for a dislocation penetrating the2DEG is given in a 3D plot. The dislocation pulls the Fermi level aboveCBM and thus depletes the 2DEG for about 50 nm. The increase aroundthe dislocation can be considered sharp compared to the depletion lengthbecause it is screened by the high electron concentration in the 2DEG.Figure 5.12 shows the impact of a dislocation and atomic steps on minimumof CBM. The plotted distance was chosen according the mean free path of565 nm that was obtained from magnetotransport measurements presented

Figure 5.12: Impact of a dislocation and atomic steps on the CBM. The spacingbetween steps was taken from atomic force micrographs. This graph isnot the result of a single calculation and is based on the results of asingle step and one dislocation.



5.4 application: ionic and biochemical sensing 87
previously. Because dislocations were identified as the dominant scatter-ing mechanism, this distance equals the spacing between two dislocations.Therefore, only one dislocation is plotted. The mean terrace width betweenatomic step is in the order of 100 nm as was measured by AFM.It is evident, that dislocations can be considered as impenetrable disc poten-tials because they fully deplete the 2DEG. Therefore, dislocations representthe potential of scatterers with radius a and mean distance la. Atomic stepsinduce only small changes in CBM and are closer together than the dislo-cations. They are thus not the source of the smooth potential which wouldimply d � a and ld � la. The smooth potential thus has to arise fromother sources with diameters of at least 50 nm and a mean separation wellabove 565 nm. Possible sources might be inhomogeneities in the AlGaNthickness or small fluctuations of the Al concentration.
5.4 application: ionic and biochemical sensing
During this work, a collaboration with the University of Western Australia(UWA) in Perth was started. The aim is to optimize GaN/AlGaN heterostruc-tures for ion and biomedical sensing applications. In this chapter, a briefintroduction to the topic is given. To achieve high sensitivity, GaN/AlGaNstructures were modeled and then grown according to the results. The ex-perimental results are compared to MOVPE grown samples from previousworks [129, 130].Sensors are a promising application for nitride based 2DEG structures.Compared to GaAs based sensors, nitrides can be used in a broader rangeof applications because of their chemical stability and low toxicity. Sensitiv-ity to gases, pressure, ions and more has been successfully demonstratedfor GaN/AlGaN structures [131]. Applications in biology and medicine arerealized by a functionalization of the surface with cells and molecules asdepicted in Figure 5.13. Here, the chemical response of a cell attached
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Figure 5.13Schematic a GaN/AlGaN sensorwith a functionalized surface: Theanalyte causes a biological reac-tion in a cell which results in achemical response. This responsemodifies the surface potential whichcauses a change in the carrier den-sity of the 2DEG and thus a changein the resistance.
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Figure 5.14: Conduction band minimum and n for different surface potentials. A risein the surface charge results in a decreased carrier density.
to the semiconductor surface to a biological reaction is detected. Sensingeffects of functionalized nitride 2DEGs for glucose, kidney marker injurymolecules, prostate cancer and DNA have been reported [132].The basic sensing effect of AlGaN/GaN heterostructures is easily compre-hensible. The carrier concentration of the 2DEG channel is related to thesurface potential. When ions are deposited on a GaN or AlGaN surface,the surface charge is modified. This leads to a change in the band profileand thus to a change of the carrier concentration in the 2DEG as shown inFigure 5.14. As a result, a change in the conductivity is measured, whichwill depend on the type and amount of ions on top of the structure. Thisallows for truly gateless sensing devices.The general quality of a device in terms of sensitivity can be probed by

-
+-

- -

-

+

+
+

+

+
+

-
-

-
--

-
-
-
-
-

+
+
+
+
+
+

positive
charge

negative
charge

charge
distribution

solutionG
a
xO

y

G
a
N

G
a
N

A
lG

a
N

Figure 5.15: Charge distribution of a ionic solution over an GaN/AlGaN heterostruc-ture [133]. Negative ions are accumulated at the surface due to thepositive charge of the oxide. Therefore only negative ions are detected.
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the conductivity change in ionic solutions. For other applications usingfunctionalized surfaces, the ionic reaction within a cell is probed and theunderlying mechanism is the same. Thus, devices that are highly sensitiveto ionic solutions will also be good sensors in biomedical applications, giventhat they are biocompatible.Only a sensitivity to negative ions was reported for the used setup [129]. Thisresults from the donor like surface states produced by gallium oxide on GaNsurfaces. Their positive charge results in a redistribution of ions in solutions,where negative ions accumulate at the surface as shown in Figure 5.15.The results for pH sensing thus give the concentration of negative ions in asolution.
5.4.1 Heterostructure modeling

Prior to growth, the optimum heterostructure design for high sensitivity wascalculated. In the chosen measurement configuration, exposure of Ga-faceGaN/AlGaN layers to ionic solutions leads to a positive shift of the surfacepotential and thus to a reduction of ns. This change ∆ns was calculated usingnextnano3 by specifying appropriate boundary conditions with an effectivevoltage change of +100 meV at the surface. For a realistic figure of merit,the change in ns was then normalized to the overall carrier concentrationincluding bulk carriers. Results of the sensitivity as a function of AlGaNthickness and composition are given as log(100∆ns/n) in Figure 5.16.The results show regions of markedly different sensitivity, with a strongdependence on AlGaN thickness and composition. The sensitivity increaseswhen the distance between surface and 2DEG is reduced. The depletion of
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Figure 5.16: Calculated change of ns over aluminium content and AlGaN thicknessin a GaN/AlGaN/GaN structure with 2 nm cap for a change of thesurface potential of +100 meV.
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the 2DEG results in a sharp threshold edge at thin AlGaN layers depend-ing on the Al content. For thick layers, the surface charge still modulatesthe amount of carriers in the channel, but the relative change reflected inthe sensitivity is small because of higher carrier concentrations. The mostpromising structures operate close to the threshold for AlGaN layers below10 nm in thickness. An increased distance between 2DEG and the surfacereduces the response. The GaN cap layers were therefore kept thin with athickness of 2 nm.The presented modeling results only account for the carrier concentrationwhile in experiments the conductivity is measured. The dependence of elec-tron mobility µ on the carrier concentration ns could therefore lead todifferent experimental results. Details of µ(ns) depend on the interplay ofdifferent scattering contributions and vary with device structure and materialquality (see Section 3.2). A more sophisticated treatment of the device sen-sitivity would thus require a precise knowledge of µ(ns) for each particularsample. A more basic estimation is presented in the following.The electron mobility has a maximum depending on ns due to differentscattering mechanisms. As the devices are operated at room temperature,scattering by phonons dominates the transport. Here, µ(ns)∝ n0.5

s is expectedfor low ns and µ(ns)∝ n−0.5
s for high ns [134]. Based on this considerationthree different µ(ns) relations have been modeled and applied to the calcu-lated values of ns and n. Model 1 shows a high maximum room temperaturemobility of µ= 1800 cm2V−1s−1 at ns = 4 × 1012 cm−2, model 2 and 3 im-ply a lower mobility of µ= 1000 cm2V−1s−1 at ns = 1 × 1012 cm−2 and at

ns = 1 × 1013 cm−2. The three models therefore cover a wide range of possi-

Figure 5.17: Normalized change of the conductivity of a Al0.2Ga0.8N structure with2 nm cap over varying AlGaN thickness. Three different estimated µ(ns)dependencies are applied. The sensitivity for thin AlGaN layers isunderestimated if only ∆ns/n is considered.
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Figure 5.18: Scanning electron micrograph of cells on a AlGaN (0001) surface.
ble µ(ns) dependencies.The results of ∆σ /σ over AlGaN thickness for xAl = 0.2 for the three modelsare shown in Figure 5.17 and compared to the result taking only a changein the sheet carrier density into account. The general trend in the sensi-tivity does not change when the mobility is taken into account. However,the sensitivity is underestimated for thin AlGaN layers for all mobilitymodels, and overestimated at thick AlGaN layers depending on the model.This emphasizes the importance of thin AlGaN layers for highly sensitiveGaN/AlGaN structures.
5.4.2 Experimental results

First the biocompatibily of grown structures was investigated [133]. Thegrowth of cells on a GaN surface and on AlGaN surfaces with different Alcontents was compared to the cell growth in a control well over a periodof 14 days. In addition, the percentage of dead cells was checked duringthe first 5 days. The difference of cell growth on grown structures was smallcompared to the control well. However, the ratio of dead cells increasedwith the Al content. GaN capped samples are thus more promising for medi-cal applications than sensors with AlGaN surfaces. Furthermore, electronmicrographs attested a strong attachment of the cells to all structures asthe example in Figure 5.18 shows.The sensitivity measurements were performed using a four point bar config-uration (Figure 5.19), with sensing areas of 1.5 mm in diameter, at constant
active area

1 2

3 4

V1

V2

I

Figure 5.19Four point probe setup for sensitivity mea-surements.
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SampleID Growthmethod Structure Sens. µ (cm2/Vs) Geometry
A MBE 10 nm Al0.3Ga0.7N/2 nm GaN 29% 856 vdP
B MBE 20 nm Al0.2Ga0.8N/2 nm GaN 12% 1101 vdP
C MOVPE 29 nm Al0.15Ga0.85N(with AlN interlayer) 5% 2093 HallBar
D MOVPE 23 nm Al0.23Ga0.77N(with AlN interlayer) 4% 2254 HallBar
E MOVPE 22 nm Al0.29Ga0.71N(with AlN interlayer) 2% 2230 HallBar

Table 5.1: Summary of different samples with parameters: growth method, structure,experimental sensitivity, mobiltiy at room temperature as determinedin van der Pauw geometry (vdP) or Hall bar geometry. The mobilitiesmeasured by the two geometries are not directly comparable.
currents of 0.1 mA. All measurements were performed under constant lightconditions. The GaN/AlGaN heterostructures were exposed to different KOHsolutions. Standard cleaning was applied to the GaN surface (acetone, 2-propanol, de-ionised water and N2 blow-dry) after device fabrication. Aftereach exposure to ionic solution, the samples were soaked in HCl for 10 sfollowed by rinsing in de-ionised water.

pH 12
pH 11
pH 10
pH 9
pH 8

Figure 5.20: Response to KOH solutions of sample A measured as a change involtage for a fixed current. For each voltage curve, t= 0 s correspondsto the point at which the KOH solution was applied. Higher responsesare observed for higher pH solutions.
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In an early stage, devices were grown on standard templates which aresemi-insulating. These structures showed a low signal to noise ratio. Thisresults from conduction within the bulk GaN in addition to the 2DEG (seeSection 3.3). The effect was overcome by growth on insulating Fe:GaN sub-strates. Two of the sensitivity optimized MBE grown samples are presentedhere and compared to three MOVPE grown samples from an earlier workwhich were optimized for high mobility (Table 5.1).Figure 5.20 shows as-measured time dependent voltage data for an opti-mized MBE structure. A high signal to noise ratio and a strong increase involtage were observed.The normalized strength of the response to different KOH solutions forthe five ungated GaN/AlGaN structures can be seen in Figure 5.21. Allmeasured data was normalized to the maximum potential drop that wasobserved for KOH pH12 for each structure. Significant improvements indifferentiation between different pH solutions are achieved for the sensitivityoptimized structure grown in this work compared to the MOVPE grownsamples. This shows the that by optimization of the heterostructure design,the sensitivity of GaN/AlGaN heterostructure-based ion sensors can bedramatically improved.

E

D
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A

Figure 5.21: Maximum potential drop for five ungated GaN/AlGaN structures ex-posed to different KOH solutions (normalized to the value obtainedfor pH12). MBE grown samples A and B show the highest response.
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I N D I U M G A L L I U M N I T R I D E H E T E R O ST R U C T U R E S

The optimization process of InGaN growth in this work can be
divided into three parts. Early samples have been grown at low
temperatures as most results reported in literature. Growth under
In bilayer stabilized conditions at higher temperatures with suf-
ficient indium desorption produced better structural quality. The
suppression of the observed surface degradation induced by indium
and nitrogen resulted in smooth surfaces. This chapter explains
the optimization process and its effects on structural and electrical
properties in detail.

6.1 growth conditions and structural quality
The aim of this work was the growth optimization of InGaN heterostructureswith respect to low.temperature 2DEG mobility. In GaN/InGaN/GaN 2DEGstructures, the electrons are mainly confined within the InGaN layer. Thisis in contrast to AlGaN based structures, where the 2DEG is mainly con-fined within GaN. Consequently, the growth optimization of InGaN has asignificant impact on the mobility in InGaN heterostructures, just as theoptimization of GaN had for GaN/AlGaN structures.Gallium bilayer stabilized conditions cannot be applied for InGaN growth.Because of the higher bond strength of Ga-N compared to In-N, the incor-poration of gallium is energetically favored over that of indium. Therefore,the indium content in InGaN layers is determined by xIn = 1-Ga/N. Conse-quently, GaN grows under Ga-rich conditions and no indium incorporates.Growth under overall N-rich conditions, however, resulted in rough surfacemorphologies. The growth conditions for InGaN layers presented in thefollowing are thus In-rich with Ga fluxes below the GaN stoichiometry, i.eGa < N and Ga+In > N. The nitrogen conditions were chosen equal to theoptimum GaN growth conditions with an excitation power of 300 W and anitrogen flow rate of 0.5 sccm.

95
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Figure 6.1Atomic force micrograph of aInGaN (0001) surface exemplary forgrowth at low substrate tempera-tures. No atomically flat featureswere observed for growth withoutstable indium bilayer conditions.

z-scale: 5.0 nm

In an early stage of optimization, samples were grown at low substratetemperatures according to growth conditions most commonly reported in theliterature as described in Section 1.5.4. This implied growth at substratetemperatures around Ts = 500 °C, which is slightly above the decompositiontemperature of InN. In this temperature range, the desorption rate of indiumis small compared to the growth rate. Growth under In-rich conditions thuscauses the formation of indium droplets. Therefore, the In-flux was chosenonly slightly above the stoichiometry in order to keep the amount of accu-mulated indium low.Several series of structures were grown at low temperatures with varyingparameters. The gallium supply was varied from low fluxes up to almoststoichiometric conditions. Indium was supplied up to overall metal richconditions, well above the onset of droplet formation (GaN + In = 2). The
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Figure 6.2: XRD θ/2θ scans of InGaN heterostructures grown under indium bilayerstabilized conditions at TS = 620 °C. a) xIn increases with indium supply,reaching a maximum at high indium fluxes. b) indium metal peaks arefound for growth with very low Ga/N ratios which coincides with areduced growth rate.
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substrate temperature was varied from Ts = 400 °C to Ts = 550 °C, abovewhich no indium incorporation was observed for the applied indium fluxes.All InGaN structures grown in this parameter range showed rough surfacemorphologies. One example is shown in Figure 6.1. Furthermore, no 2DEGswere measured in GaN/InGaN/GaN heterostructures.Growth under indium bilayer stabilized conditions promised better surfacemorphologies. Stable indium bilayers form for sufficient indium desorption.This was achieved for substrate temperatures above 570 °C. In this tem-perature range, the indium incorporation not only to depends on Ts andGa/N but also on the indium flux. Figure 6.2 a) shows XRD θ/2θ scansfor structures grown at Ts = 620 °C with different In supplies. The indiumcontent xIn was determined according to the literature [121]. It is observed,that xIn increases with the indium supply, with very little indium incorpora-tion under stoichiometric conditions. For growth under highly indium richconditions, the indium content reached a maximum xmaxIn , which depends onthe substrate temperature (see Section 6.3). No InGaN growth was observedabove Ts = 650 °C.
The impact of the Ga supply on InGaN layers grown under In-rich, hightemperature growth conditions depends on xmaxIn . At substrate temperaturesbelow Ts = 500 °C, the indium content is determined by the Ga supply with
xIn = 1-Ga/N and increases as the Ga flux decreases. Growth at highertemperatures limits the indium content and xIn does not increase with de-creasing Ga flux if 1-Ga/N < xIn−max . Under these conditions the growthrate decreases if the Ga-flux decreases (see Section 6.3). For very low

desorption time (s)

Figure 6.3: RHEED intensity during indium desorption at 620 °C after InGaNgrowth with different In-fluxes. Four different characteristic trends areobserved: no increase - stoichiometric, continuous increase - monolayercoverage, oscillation - bilayer coverage, delayed oscillation - dropletcoverage.
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Ga-fluxes, the formation of metallic In clusters was observed in XRD asshown in Figure 6.2. Therefore, the gallium supply was chosen close to1-Ga/N = xmaxIn in the following.The desorption of indium was studied by RHEED in order to investigate theindium coverage for varying indium flux. Characteristic trends of the RHEEDintensity for different coverages were observed as shown in Figure 6.3. Theywere used to identify the transitions between droplet, bilayer, monolayerand stoichiometric growth depending on the indium flux.The determined transitions over indium flux and substrate temperature for agallium supply of Ga/N = 0.8 are shown in Figure 6.4. A window for indiumbilayer stabilized growth of InGaN with concentration up to xIn = 0.3 isavailable over a wide temperature range. Note, that the indium contentsgiven in this figure are only a guide to the eye as the dependence of xIn onthe indium supply was not studied at various temperatures. The iso-contentslines were estimated based on the incorporation at low temperatures andon the maximum indium content under highly In-rich conditions (see Sec-tion 6.3).All structures grown under indium bilayer stabilized conditions (in combi-nation with the procedure described in Section 6.2) showed a good overallquality. Atomic force micrographs as shown in Figure 6.5 indicated a spiralgrowth mode. Atomically flat terraces are observed, and the morphology is
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z-scale: 5.0 nm

Figure 6.5Atomic force micrograph of sampleG1061 grown under indium bilayerstabilized conditions with excessGa. The spiral growth mode withatomically flat terraces is observed.
comparable to that GaN and AlGaN layers.For the growth of GaN in GaN/InGaN/GaN heterostructures, the optimizedGaN growth conditions were applied. Therefore, the growth temperaturewas lowered during InGaN growth and increased to 700 °C for the growthof the GaN cap layer. The impact of the whole growth procedure on theInGaN layer was investigated by transmission electron micrographs andenergy dispersive X-ray. The results are shown in Figure 6.6. No additionaldislocations formed at InGaN interfaces, and no segregation was found. Theanalysis of an InGaN/AlGaN structure showed no interdiffusion of indium.This could have resulted from the increased temperature and would decreasethe sharpness of the interface. The TEM measurements, however, revealed
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Figure 6.6: a) and b) Transmission electron micrographs of an GaN/InGaN/Al-GaN/GaN sample (ID: G1086). Sharp interfaces with no additionaldislocations are observed. Inhomogeneities are observed in the InGaNlayer, which are likely the result of fluctuation in xIn. c) TEM EDX ofG1086. No diffusion of indium into the AlGaN layer and no In-richclusters are observed.
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strong inhomogeneities within the InGaN layer. They are likely the resultsof fluctuations in the indium concentration as reported in the literature [135].
6.2 surface degradation after indium desorption
For high mobilities in 2DEGs, the interface quality in heterostructures is ofimmense importance. The growth under indium bilayer stabilized conditionsshowed a spiral growth mode. However, another step had to be applied inorder to achieve smooth InGaN surfaces.All samples grown in the In bilayer stabilized regime showed a degradedsurface after indium desorption. The observation of pits with a diameter of2 nm on InGaN (0001) surfaces for indium rich growth conditions has beenreported before [64]. The impact on the surface morphology observed inthis work is however much stronger. An example is shown in Figure 6.7 a)exhibiting cracks and pits up to 3 nm deep. These defects act as scatteringcenters for electron transport, making the observed morphologies fatal forthe mobility in 2DEGs.Some observations suggested that the degradation of the surface is a postgrowth process. Some structures showed spiral hillocks with atomically flatterraces on an otherwise degraded surface (see Figure 6.7 b)). On onesamples a missing link was found (see Figure 6.7 c)). This spiral hillockshowed atomically smooth terraces at the base changing to pitted terracesfurther up. If the pits would form during growth, this should not be observed.This suggests that the surface degrades after growth.Possible processes are oxidation or rough crystallization of a metallic ad-layer during cooldown. This was studied by treating the samples with HCL,which removes metals, and with KOH, which etches oxides. No change inthe morphology was found. As nitrides withstand both treatments, a reactionwith nitrogen or surface segregation are a plausible explanation for thedegradation.

z-scale: 6.0 nm z-scale: 14 nm z-scale: 9.0 nm
a) b) c)

Figure 6.7: Atomic force micrograph of the InGaN (0001) surface showing a) adegraded surface, b) a spiral on an otherwise degraded surface and c)
missing link - a spiral which is smooth at the base but degraded at thetop. The observations suggest a post growth degradation.
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z-scale: 7.0 nm z-scale: 4.0 nm z-scale: 4.5 nm

a) b) c)

Figure 6.8: Atomic force micrographs of the InGaN (0001) surface a) after indiumdesorption under UHV conditions, b) no indium desorption and c) indiumdesorption under excess gallium, which resulted in the best morphology.For b) and c) the metals were removed by HCL after growth.
This presumption was investigated by applying three different treatmentsafter InGaN growth: 1) indium desorption without supplying nitrogen tothe growth chamber (UHV: pbase = 5 × 10-10 mbar) 2) no indium desorptionwith excess In during cool down, 3) excess Ga during In desorption andcool down. The results are shown in Figure 6.8. The morphology for UHVdesorption showed only a minor improvement compared to regular desorption.The other two steps, however, resulted in pit free surfaces. The degradationtherefore occurs if indium desorbs directly from the surface into an ambientnitrogen atmosphere leaving a bare InGaN surface. The best morphologywas obtained for excess Ga.By applying excess Ga before InGaN growth, the number of threading dislo-cations was significantly reduced. This is shown in Figure 6.9 where twosamples with and without excess Ga before InGaN growth are compared.The black spots originate from edge dislocations penetrating the surface.

z-scale: 3.0 nm z-scale: 4.0 nm
a) b)

Figure 6.9: Atomic force micrographs of the InGaN (0001) surface with excess Ga a)only after InGaN growth and b) before and after InGaN growth. ExcessIn before InGaN growth was applied in a). The number of dislocations(black spots in a)) was reduced by excess Ga before InGaN growth.
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z-scale: 5.5 nm z-scale: 6.0 nm

a) b)

Figure 6.10: Atomic force micrographs of the InGaN (0001) surface of GaN/InGaN/-GaN heterostructures with a) complete desorption before GaN caplayer growth and b) only indium desorption with excess Ga remainingon the surface before GaN cap layer growth. A lower defect density isachieved for no metal desorption before cap layer growth.
This observation cannot be explained by surface segregation. In this process,incorporated In atoms leave an InGaN layer at high temperatures due tothe weak In-N bond. However, the dislocation reduction was observed whenexcess Ga was applied before InGaN growth, when no InGaN has grownyet. Surface segregation during the beginning of InGaN growth can also beexcluded. Because the excess Ga reduced the dislocation generation and thesurface degradation, it is reasonable to assume that both processes have thesame origin. The sample shown in Figure 6.9 a) was, however, with excess Inbefore InGaN growth. Excess In also reduced the surface degradation aftergrowth, and should thus also suppress the dislocation generation if surfacesegregation has a negative effect on InGaN growth. Both processes wereonly observed if thin In adlayers were in direct contact with the ambientnitrogen, and it is therefore assumed that their origin is the reaction ofindium with nitrogen.The impact of excess Ga on the growth of GaN caplayers was also studied.Figure 6.10 a) shows the surface of a GaN/InGaN/GaN heterostructure. Forthis sample, all metals desorped before GaN caplayer growth. Figure 6.10

Figure 6.11RHEED-[110] after indiumdesorption from the de-graded InGaN (0001) surface.A √3x√3R30° is clearly ob-served.
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b) shows the surface of a similar structure, where only indium desorped afterInGaN growth, leaving excess Ga on the surface. Atomically flat terraces areobserved for both samples. However, the desorption of all metals results inmany defects. The optimum growth of InGaN heterostructures was thereforecarried out under indium bilayer stabilized conditions with excess Ga duringgrowth interruptions before and after InGaN growth.During the optimization process presented in the previous paragraphs itwas found, that a √3x√3R30° RHEED reconstruction coincided with thesurface degradation. This reconstruction, which is shown in Figure 6.11,always appeared after indium desorption if no excess Ga was applied. Noreconstruction was observed after metal desorption, if first indium desorptedand then gallium. This compares well with the observation of the reconstruc-tion reported in the literature [64]. The reconstruction forms under nitrogenatmosphere on GaN (0001) or InGaN (0001) surfaces covered with 1/3 MLof indium. It is not observed after indium desorption if In is deposited onto agallium adlayer. This supports the presumption that the degradation arisesfrom a reaction of a thin indium layer with the ambient nitrogen. The authorsalso analyzed the growth depending on Ga and In supply. Above a certainindium flux they obtained smooth surfaces. During growth with this flux,they observed a √3x√3R30° reconstruction by RHEED. The reconstructionwas therefore linked to the growth of smooth layers. In this work the re-construction rather indicated the degradation of a surface that was smoothbeforehand.The requirement of excess Ga during the entire growth process complicates

Ga GaIn

surface coverage

GaN InGaN
growth

Ga
In
Nsupply

growth time (min)Figure 6.12: RHEED intensity during InGaN growth with excess Ga before andafter InGaN growth. The supply, the growing material and the surfacecoverage are schematically indicated. The effective growth time is muchshorter than the In+Ga+N supply. InGaN grows only after all excessGa incorporated, which is observed by a minimum in the RHEEDintensity.
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the control of the InGaN thickness. InGaN grows only if there is no Ga onthe surface, because Ga is preferably incorporated over In. The beginning ofInGaN growth can however be monitored by RHEED. The RHEED intensityis reduced by the presence of liquid metallic layers. The intensity dropis material dependent since the scattering cross section of Ga is highercompared to In. The RHEED intensity is therefore different for surfacescover with Ga or In or both.A typical RHEED intensity signal during growth is shown in Figure 6.12.At the beginning, the surface is covered with gallium. If the In,Ga and Nshutters are opened, the intensity drops. During this time In accumulatesand excess Ga incorporates because Ga/N < 1. At some point, no Ga is lefton the surface and InGaN starts growing under a thick In wetting layer.This is indicated by another decrease in the RHEED intensity.
6.3 indium incorporation determined by rheed
The indium content in InGaN layers grown under indium bilayer conditionsdepends on the indium flux, on 1-Ga/N and the substrate temperature Ts. Ata given Ts, there exists a maximal incorporable amount of indium xmaxIn forgrowth under highly indium-rich conditions. In this work a novel method wasdeveloped to estimate xmaxIn by a RHEED analysis. The idea of this methodis that xmaxIn corresponds to one gallium flux Gamax with xmaxIn = 1-Gamax/Nas illustrated in Figure 6.13.This flux is determined by a study of the incorporation rate of indium over Ga-flux for a high indium supply. For GaN growth, the growth rate decreases

Figure 6.13Illustration of how Gamax and thus
xmaxIn are determined from τ . The illus-tration implies a high indium supplyand indium incorporation only below
T0. a) Growth rate over Ga-flux: ForGa-fluxes smaller than GaN stoichiom-etry, the In content increases andgrowth rate is constant for decreasingGa-flux. For Ga-fluxes smaller thanGamax, the In content is constant andgrowth rate decreases for decreasingGa-flux. b) Resulting indium incorpo-ration rate over Ga-flux. c) τ observedby RHEED. τ is shortest for Gamax.
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Figure 6.14: Incorporation analysis for varying Ga-flux by a) RHEED intensityand b) RHEED strain. Indium supplied between 0 s and 50 s. Ga + Nsupplied > 50 s. The Ga-flux resulting in the shortest τ is Gamax.
below the stoichiometry at Ga/N = 1. If no indium incorporates at hightemperatures this is true even if indium is supplied to the growing surface(gray line in Figure 6.13 a)). At temperatures where indium incorporates, thegrowth rate does not decrease right below Ga/N = 1 as the missing Ga isreplaced by In (blue line in Figure 6.13 a)). Here, the indium content increaseswith decreasing Ga-flux. If the maximum indium content incorporates, a furtherdecrease of the Ga-flux results in a reduced growth rate. The incorporationrate of indium depends on the growth rate and the indium content (Figure 6.13b)). At a constant growth rate is increases with the indium content. For afixed content, it reduces with the growth rate. Therefore, the incorporationrate is maximal for growth with Gamax and a high indium supply.

determined from strain
determined from intensity

InN decomposition

indium desorption
=

bilayer stabilized growth

Figure 6.15: Maximum indium content determined by RHEED intensity and RHEEDstrain over substrate temperature. Growth under indium bilayer stabi-lized conditions is limited to an xIn−max = 0.3. No indium is incorpo-rated above 650 °C.
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The incorporation rate can be deduced from a RHEED analysis by applyinga series of steps. An example of the RHEED intensity and the strain duringthis process is given in Figure 6.14. Both are sensitive to the metal coverage(see Section 2.1.4), however, only the intensity is addressed in the following.For a fixed substrate temperature, a certain amount of indium was depositedon a GaN surface. This results in a decrease of the RHEED intensity bythe accumulated indium. After the indium supply is closed, and gallium andnitrogen are supplied with a Ga-flux below the GaN stoichiometry. BecauseGa/N<1, the excess indium incorporates at a certain rate. A particularamount of time τ after the growth was started, no more indium is left onthe surface, and the RHEED intensity increases. The incorporation rate ofindium is therefore inversely proportional to τ as illustrated in Figure 6.13c).In order to determine xmaxIn , the described steps have been applied for varyingGa-fluxes. The Ga-flux that results in the shortest time τ is Gamax. Themaximal incorporable amount of indium was then determined by xmaxIn = 1-Gamax/N.The results of this anlysis for different temperatures are shown in Figure 6.15.A strong temperature dependence of xmaxIn is observed. Within the In bilayerstabilized growth regime, InGaN layers with In contents up to xIn−max = 0.3can be produced. No indium incorporation is possible above 650 °C.
6.4 heterostructure design
Two dimensional hole gases (2DHG) form in uncapped GaN/InGaN struc-tures (see Section 3.1). The hole mobility in InGaN is however much lowerthan the electron mobility [90]. Two dimensional electron gases (2DEG) thus
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Figure 6.16: Schematic of InGaN and InGaN/AlGaN based heterostructures. Thepolarization charges σ and the band profiles are indicated. In bothstructures a 2DEG and a 2DHG form within InGaN. Additional po-larization charges introduced by an AlGaN layer allow only electronconfinement for thin InGaN barriers.
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Figure 6.17: a) Profile of CBM and VBM with a In0.2Ga0.8N layer with varyingthickness, without doping. b) sheet carrier density over In0.1Ga0.9Nthickness for a structure with a 15 nm and a structure with a 50 nm GaNcap layer. nsH and nsE increases comparably with InGaN thickness.For thicker capping layers, however, more electrons than hole can beobtained.
promise better results for low temperature magneto transport measurements.Under certain conditions, 2DEGs form in addition to 2DHGs in GaN/In-GaN/GaN heterostructures. The coexistence of p- and n-conductive channelsis however not desired as it results in ambiguous transport results (seeSection 3.3). This section therefore studies the impact of the heterostructuredesign on the sheet carrier densities of 2DEGs and 2DHGs.Two types of InGaN based heterostructures were grown during this work asdepicted in Figure 6.16. First GaN/InGaN/GaN and then GaN/InGaN/Al-GaN/GaN structures will be discussed. For both types of structures, theelectron channel lies within the InGaN layer.In Figure 6.17 a), the profile of the conduction band minimum (CBM) andthe valence band maximum (VBM) in a GaN/InGaN/GaN structures withdifferent InGaN thicknesses is shown. No doping is considered for betterillustration. The direction of the polarization field in InGaN results in anupward tilt of the bands with respect to the surface. For thicker layers, thevoltage difference between the two interfaces of the InGaN layer increases.Above a critical thickness, VBM becomes larger than EF and a 2DHG formswith a sheet hole density nsH . The critical thickness depends on the strengthof the polarization field and thus on the In content.The accumulated holes represent a charge which induces an additional fieldbetween the lower GaN/InGaN interface and the surface. The direction ofthis field is opposite to the polarization field. It reduces the effective fieldwithin InGaN and results in a downward tilt of the bands in the GaN caplayer. The strength of this field depends on nsH , and for large nsH , the CBMdrops below EF at the upper InGaN/GaN interface. Electrons accumulateand form a 2DEG with a sheet electron density nsE . The formation of the2DEG requires sufficiently high nsH . Therefore, a 2DEG forms at thickerInGaN barriers compared to the 2DHG. In addition, nsE <nsH for all InGaN
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Figure 6.18: a) Profile of CBM and VBM for a 4 nm In0.2Ga0.8N barrier with varyingGaN cap layer thickness. An undoped structure is given for comparison.b) Sheet carrier density over GaN cap layer thickness for a 20 nmIn0.2Ga0.8N barrier. The electron density increases with cap layerthickness, with the hole density remaining almost unaffected.
layer thicknesses. This is shown for the thin cap layer in Figure 6.17 b),where now doping is taken into account.The situation changes for thicker GaN cap layers because of screening ofthe surface potential. As shown in Figure 6.18 a) the screening results ina downward band bending below the surface. For thicker GaN cap layers,CBM drops below EF and a 2DEG forms with no 2DHG existing. Therefore,2DEGs may form at InGaN thicknesses lower than the critical thicknessfor 2DHG formation. This is shown in Figure 6.17 b) for the thicker caplayer. With increasing cap layer thickness, nsE increases while nsH remainsconstant as shown in Figure 6.18 b). Thick cap layers are thus needed
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Figure 6.19: Electron concentration over indium content and InGaN thickness with50 nm GaN cap layer. Four areas are indicated: 2DEG depletion,
nsE >nsH = 0, nsE >nsH and nsE <nsH . Structures with only 2DEGsare limited to a very narrow range at low indium content.
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Figure 6.20: Electron concentration over indium content and InGaN thickness with20 nm Al0.2Ga0.8N and 2 nm GaN cap layer. Three areas are indicated:
nsE >nsH = 0, nsE >nsH and nsE <nsH . Structures with only 2DEGsare achieved for various InGaN thicknesses.

for nsE >nsH , and structures with 50 nm cap layers are considered in thefollowing. However, the number of holes increases stronger with the InGaNthickness than nsE , and nsE <nsH is obtained for thick InGaN barriers withhigher indium content even for thick cap layers.A contour plot of nsE depending on InGaN thickness and In content for a50 nm capped GaN/InGaN/GaN structure is shown in Figure 6.19. For thinlayers with low indium content neither a 2DEG nor a 2DHG forms. At thickerbarriers with high In content, mainly p-conductivity is expected. A range ofstructures with nsE >nsH can be found. Structures with nsE >nsH = 0 are,however, limited to low In concentrations.By introducing an AlGaN layer as shown in Figure 6.16, the range ofstructures with nsE >nsH = 0 can be extended as shown in Figure 6.20. Thestrained AlGaN layer induces an additional positive polarization charge atthe InGaN/AlGaN interface while the negative charge at the GaN/InGaNinterface remains unchanged (see Figure 6.16). As a result, nsE increasesstronger by introducing the AlGaN layer compared to nsH , but the criticalthickness for 2DHG formation remains unchanged. Therefore, structures withonly two dimensional electron accumulation are obtained at thinner InGaNbarriers. The growth of GaN/InGaN/AlGaN/GaN structures with thin InGaNlayers therefore reduces the contribution of a p-conductive channel.
6.5 magnetotransport results
The effects of growth optimization on the structural morphology are reflectedby the transport properties of grown samples. Figure 6.21 gives an overview
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of the mobility of herterostructures with In contents between xIn = 0.10 and
xIn = 0.25 measured in the van der Pauw geometry at 10 K. No 2DEG couldbe detected in structures grown at substrate temperatures below Ts = 550 °C.Here, the mobility in GaN/InGaN/GaN structures could not be distinguishedfrom bulk GaN.Growth at higher substrate temperatures under In bilayer stabilized condi-tions resulted in an increase of the mobility up to µ= 100 cm2V−1s−1. Theuse of excess Ga as described in Section 6.2 further increases the mobil-ity to almost µ= 300 cm2V−1s−1. The highest mobilities were obtained forstructures with additional AlGaN layer. However, neither a variation of thesheet carrier density nor an additional AlGaN layer showed a reproducibleimpact on µ.Hall bar measurements showed higher mobilities compared to measurementin the vdP geometry as shown in the inset in Figure 6.21. This is expected,because the probed area is smaller and inhomogeneities have a smallerimpact on the results. This method also revealed deviations of the electronicproperties for different positions on the samples. Differences of a factor of twoin ns and µ have been measured for different Hall bars on the same sample.
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Figure 6.22: Mobility over indium flux measured in the vdP geometry at 10 K for10 nm In0.15Ga0.85N / 15 nm Al0.2Ga0.8N / 2 nm GaN structures. The In-flux is given normalized to InN stoichiomtry. No clear dependence of
µ is observed for different indium supplies.

These inhomogeneities are likely the result of the applied growth conditions.At indium bilayer conditions, small fluctuations in substrate temperature ormetal flux generate significant changes in the In concentration. This alsoexplains the poor reproducibility of transport properties in grown samples.A low reproducibility was observed even though great care was taken tomaintain comparable growth conditions between different samples. Series ofstructures were grown subsequently without other samples grown in between.The stoichiometric conditions were checked before longer growth series, andthe incorporation rate was controlled by XRD measurements frequently.Apart from bilayer growth and excess Ga, no reproducible impact of otherchanges of growth conditions on the low-temperature mobility was observed.
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112 indium gallium nitride heterostructures
Among those were a variation of the indium content, growth at differentsubstrate temperature within the bilayer regime and variations of amountof excess Ga. As an example, of how the low reproducibility influenced themeasurements is shown in Figure 6.22. Here, the mobility was measured forsamples with identical structure grown with varying In flux. It is apparentthat the data is not meaningful.Temperature dependent transport measurements for various heterostructuresindicated two dimensional conductance. This is illustrated by µ(T ) and
ns(T ) for two selected GaN/InGaN/AlGaN/GaN samples in Figure 6.23.For sample G1166, the mobility is almost constant for low temperaturesand drops above 100 K, which is expected for a two dimensional carriergas. The observed ns(T ) dependencies are not characteristic for 2DEGsor 2DHGs, which would imply a constant ns at low temperatures and anincrease above 100 K due to an increasing contribution from bulk electrons.Both structures presented in Figure 6.23 show a small increase of ns(T )for low temperatures. This is not an actual change of the carrier density,but rather the result of electron-electron interaction [136]. This scatteringprocess has a temperature dependent impact on the slope of the Hall voltage,which is used to calculate ns.A 2DHG was present in some structures. This was concluded from thereduction of ns above 100 K, as observed for both samples shown in Fig-ure 6.23. Transport measurements include different conductive channels in aheterostructure depending on their conductivity σ = ens µ (see Section 3.3).
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The sheet carrier density calculated from the Hall voltage is thus a measureof the mean ns, i.e. in the case of a 2DEG and a 2DHG ns =nsE -nsH . Theincrease of ns(T ) observed above 150 K in sample G1086, is the result ofan increased conduction from the bulk GaN. Note that 2DHG and bulkcontributions to ns have a strong impact on µ. Therefore, only the mobilityat low temperatures is a reliable measure of the mobility in a 2DEG ingrown heterostructures.In order to identify the dominating scattering mechanisms and to con-firm the existence of a 2DEG at low temperatures, the magnetoresistanceof selected samples was studied in detail. As an example, the normal-ized longitudinal resistance Rxx (B)/Rxx (B=0 T) for sample G1166 is givenin Figure 6.24. It should be noted that the data was symmetrized by
Rxx (±B) = 0.5 [Rxx (B) +Rxx (−B)]. This has to be applied for magnetic fielddepended four-probe measurements, which are always influenced by asym-metries [137, 138, 100]. Two strong temperature dependent features areobserved: a peak around zero field and a linear dependence of Rxx (B) on Bfor B> 3 T.The peak arises from weak localization (see Section 3.4.2). Its shape dependson le/li and le, and the elastic mean free path le and the inelastic mean free
li can be calculated by fitting the data around B = 0 T. For sample G1166,
le = 31 nm and li = 94 nm at 4 K were obtained. The temperature dependenceof the inelastic relaxation time is characteristic for the inelastic scatteringprocess and dimension of conductance [111]. For inelastic scattering inducedby electron-electron interaction, a 1

τi ∝ T p dependence is expected, with
p= 2 for 3D and p= 1 for 2D carrier systems. For two dimensional transportin a disordered system, a 1

τi ∝ T ln 1
T dependence should be observed.The inelastic relaxation time could not be calculated from li =√D τi, be-cause the diffusion constant D was not known. Therefore, the temperaturedependence of Dτi(T ) was studied. For sample G1166, Dτi(T )−1 ∝ T and

DτiT−1 ∝ T ln(T−1) are compared in Figure 6.25. The latter describes theresults best, which confirms two dimensional conductance. The disorder, forwhich this dependence is expected, is explained by the conductance withinthe InGaN barrier which is subject to alloy disorder and fluctuations of theindium content.The linear contribution to the magnetoresistance results from scattering at apotential described by randomly distributed impenetrable discs with radius
a and a mean separation distance of la (see Section 3.4.3). This descriptionactually predicts three different Rxx (B) trends, with transitions dependingon a/la. The resistance should be proportional to B2 for B < 0.05a/la µ−1,while at B > 2a/la µ−1 a B−1/2 dependence is expected. At intermedi-ate magnetic fields, the magnetoresistance should be linear with a slope,inversely proportional to the mobility. Even though, only a linear Rxx(B)dependence is observed, it is reasonable to assume that the model appliesat low temperatures as the mobility obtained from the slope compares well
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to the value obtained by Hall measurements (µslope = 575 cm2V−1s−1 to
µhall = 563 cm2V−1s−1 for G1166 at 4 K). It is therefore presumed, that the
B−1/2 dependence was not observed because the transition occurs at B> 9 Tand the B2 dependence is overlaid by the weak localization peak at B< 3 T.This allows to estimate the radius a of the discs, if the mean free path leobtained from the WL analysis is taken as la. A possible radii range forscatters of 7.5 nm <a< 100 nm was found. It has to be noted, that µhall and
µslope were only comparable at 4 K, and the model does no apply at highertemperatures.The dominating elastic scattering mechanism could not be identified directlyfrom magnetoresistance measurements. However, results from transport mea-surements were compared to results obtained AFM and TEM and theirimpact on the band profile. Atomic force micrographs showed atomically flatterraces with a width of about 100 nm. Transmission electron micrographshowed no additional dislocations incorporated during MBE growth. Themean separation between dislocations is therefore 500 nm, correspondingthe nominal dislocation density of the substrate of 4× 108 cm−2. Both lengthscales are higher than the mean free path of le = 31 nm, and interface rough-ness or dislocations are therefore not the source of the dominant elasticscattering process. The electron mobility at low temperatures should thus belimited by fluctuations in the In content, which have been observed by TEM.The impact of the possible scattering sources on the conduction band min-imum (CBM) profile along the InGaN/GaN interface is illustrated in Fig-
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Figure 6.26: Illustration of the impact of atomic steps, a dislocation and indiumfluctuations on CBM of a 2DEG in a GaN/InGaN/AlGaN/GaN het-erostructure. The profile of indium fluctuations was estimated from theintensity of a transmission electron micrograph. The red line shows theimpact of a dislocation and of atomic steps only. The comparison withthe mean free path obtained from transport measurements suggest thatindium fluctuations mainly influence the transport in InGaN basedheterostructures at low temperatures.
ure 6.26. Atomic steps from surface roughness and dislocations were modeledby 2D Schrödinger-Poisson calculations as was described in Section 5.3.The profile of indium fluctuations was obtained from the intensity of TEMmicrographs. The amplitude of the fluctuations of ∆xIn = 0.04 for a totalindium content of xIn = 0.12 was taken from literature [65]. It is observedthat the height of the potential change is comparable for steps and fluctu-ations. However, it is evident that the variations in CBM induced by theindium fluctuations dominate the potential landscape due to their profile. Acomparison with the mean free path shows suggests that indium fluctuationsare likely to be the source of the dominant elastic scattering that limits theelectron mobility in 2DEGs at low temperatures.





S U M M A RY O F O P T I M I Z E D G R O W T H C O N D I T I O N S
At this point, the optimization steps and growth conditions that producedthe best results are summarized.Substrates were cleaned by acetone and 2-propanol in an ultrasonic bathwith low power. They were then heated at 200 °C for 10 min and at 600 °C for10 min under vacuum. Before growth, the surface was treated with activatednitrogen for 15 min at 700 °C. No additional dislocations formed at thesubstrate/MBE interface if this treatment was applied.The nitrogen plasma conditions were 300 W at 0.5 sccm for all structures.The resulting growth rate at stoichiometry was 3 nm/min. The ratio betweenmolecular to atomic nitrogen was 1.5. These conditions guaranteed stableplasma operation at relatively low powers to prevent damage from activatednitrogen.For GaN growth, Ts = 700 °C was chosen, because it is below the expecteddecomposition temperature of 720 °C and results in the highest Ga diffusionlength. For AlGaN growth, Ts was not changed compared to GaN growth,to reduce the growth interruption time.The best results for GaN growth in terms of Ga-flux were achieved at thebilayer/droplet transition. This point was identified by studies of the RHEEDintensity during Ga desorption. The flux was not changed for AlGaN growth.Smooth surfaces and sharp interfaces were obtained for these conditions.During GaN growth, the excess Ga was desorped every 7.5 min until only theGa bilayer was left on the surface. The modulated growth reduced dropletformation, increased the reproducibility and the homogeneity and allowedfor better control of the growth parameters.InGaN was grown between Ts = 590 °C and Ts = 650 °C. This allowed forsufficient indium desorption to prevent droplet formation and enable growthunder indium bilayer stabilized conditions, which gave the best results. Inthe applied temperature range, xIn highly depends on 1-Ga/N, Ts and theindium flux. This resulted in a poor reproducibility and homogeneity of theindium content. The dependence of xIn on Ts limits the indium content inInGaN layers grown under indium bilayer stabilized conditions to xIn = 0.3.A degradation of the surface was found for indium desorption, which coin-cides with the observation of a √3x√3R30° reconstruction. The effect wascounteracted by covering the surface with a protective Ga adlayer throughoutgrowth. This resulted in smooth morphologies similar to GaN and AlGaN.
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S U M M A RY, A P P R E C I AT I O N A N D O U T LO O K
In this work, the MBE growth of GaN (0001) based 2DEG heterostructureswith InGaN and AlGaN quantum wells was optimized with respect to the lowtemperature electron mobility. For InGaN based heterostructures mobilitiesas high as µ= 560 cm2V−1s−1 at 4K were obtained which is the highestreported value for MBE grown material today. The mobilities were, however,to low to investigate, e.g. the effective mass or spin transport effects. State ofthe art results were achieved for GaN/AlGaN structures with a reproduciblemobility around µ= 20000 cm2V−1s−1 at 2K. For each material system, theoptimization process was studied in detail using in-situ RHEED. A numberof key aspects that significantly affect the electron transport were identified.The dominating scattering processes in InGaN and AlGaN based two dimen-sional electron gases were determined by magnetoresistance measurementstogether with structural characterization.Three optimization steps significantly improved the GaN (0001) quality: nitri-dation of the substrate, modulated growth with desorption steps and a Ga/Nratio at the bilayer-droplet transition. No additional dislocation formed at thesubstrate/MBE interface after treatment with activated nitrogen at growthtemperature. Modulated growth monitored by in-situ RHEED improved thegrowth in three aspects. First, the regular desorption compensated the for-mation of droplets from accumulating Ga under Ga-rich conditions. Secondly,the homogeneity increased because the droplet formation on colder partsof the sample decreased. Thirdly, the reproducibility and overall samplequality increased because the desorption, which is characteristic for differentmetal-rich growth conditions, was monitored during growth. This allowed tocompensate deviations in material fluxes and substrate temperature duringgrowth and over longer growth series. The electron mobility of GaN/AlGaNstructures showed a strong dependence on the Ga/N ratio with a maximummobility at the bilayer-droplet transition. The growth of thin AlGaN layerswith low Al content was carried out under Ga bilayer stabilized growthconditions. The substrate temperature and the Ga-flux were not changedcompared to GaN growth to reduce the growth interruption time.In order to achieve high electron mobilities, the heterostructures weredesigned according to results of self consistent Schrödinger-Poisson cal-culations. Maximum mobilities have been achieved around a sheet carrier
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122 summary, appreciation and outlook
density ns = 2 × 1012 cm−2, which is in close agreement with the literature.It was presented that such low densities can be achieved for a broad rangeof AlGaN thicknesses for low Al contents.The investigation of the low-temperature magnetoresistance provided insightinto the dominant scattering mechanisms and the potential landscape ofthe two dimensional channel as visualized in Figure 7.1. Scattering timeswere calculated from Shubnikov-de Haas oscillations. A comparison of thetransport relaxation time to the quantum relaxation time identified scatteringat dislocations as the dominating scattering process. The mean free pathverified that the number of dislocations is determines by the substrate.As an application, AlGaN based pH sensors were studied. Such devicesoperate at room temperature where scattering at phonons dominates thetransport. Structures for high sensitivity thus have to meet other requirementsthan structures optimized for high electron mobility at low temperatures.Therefore, heterostructures for high sensitivity were designed according to
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Figure 7.1: Visualization of the quantum well potential of a 2DEG in AlGaN andInGaN along the GaN/AlGaN and InGaN/GaN interface for a 1×1 µmarea. Dislocations limit the mobility for GaN/AlGaN quantum wells,while indium fluctuations result in low mobilities for InGaN wells.
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the results of self consistent Schrödinger-Poisson calculations. Structureswith channels close to the surface showed high response to pH solutions andare currently functionalized for drug screening at the university of WesternAustralia in Perth.Two optimization steps for InGaN significantly improved the mobility inGaN/InGaN(/AlGaN)/GaN heterostructures: growth under In bilayer stabi-lized conditions and the suppression of surface degradation through excessGa. Sufficient indium desorption is required for In bilayer stabilized growthand the substrate temperature was thus increased above the decompositiontemperature of InN. In this temperature range, the In incorporation dependson 1-Ga/N, the substrate temperature and the indium flux. The maximumincorporable amount of indium was estimated by a novel RHEED method.Because of the dependence on various parameters, a reproduction of theindium content was challenging.An investigation of the morphology of InGaN surfaces after indium desorptionrevealed a post growth degradation. This coincided with the observationof a √3x√3 R30° by RHEED. The effect was compensated by applyingexcess Ga before and after InGaN growth. This resulted in atomically flatmorphologies and low dislocation densities, both being comparable to AlGaNbased heterostructures.The contribution of holes to 2D transport was minimized according to theresults of Schrödinger-Poisson calculations. It was found that heterostruc-tures with InGaN wells in which only a 2DEG forms, are limited to lowIn content. By introducing an additional AlGaN layers, this range can beextended. However, no reproducible improvement of the measured transportdata at low temperatures was achieved.Despite the structural improvements, the low-temperature mobility remainedlow in InGaN based heterostructures compared to AlGaN 2DEGs. Analysisof the magnetoresistance at low temperatures showed a truly two dimen-sional conductance with a mean free path of 30 nm. Calculations of theband profile along the InGaN/GaN interface that took the results from TEMmeasurements into account, suggested indium fluctuations as the source ofthe dominating scattering processes for the applied growth conditions. Thisis visualized in Figure 7.1. It is apparent that the fluctuations prevent afurther increase of the mobility by smoother interfaces or a lower dislocationdensity.
7.1 appreciation and outlook
This work demonstrated how thorough optimization can increase the qualityof III-nitrides. Several obstacles for the MBE growth of nitrides were pre-sented, most of which were overcome. However, the limits that were reachedgo beyond MBE growth optimization. In the end, bigger challenges remainwhich the material system has been facing since the beginning. In the case
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of InGaN, they are fluctuations of the indium content. For AlGaN, it is thelack of substrates with low dislocation densities.A further improvement of the low temperature electron mobility of InGaNbased heterostructures by MBE is questionable. One approach to reducethe fluctuations could be growth with a decreased indium diffusion. Thiscould be achieved by growth at lower temperatures. However, this results inrougher surfaces. A compromise between fluctuations and roughness shouldresult in higher mobilities. Another approach could be an increased growthrate which would reduce the surface diffusion of indium.The electron mobility in AlGaN based structures at this stage of optimizationcan only be increased by better substrates. The structures presented in thiswork were grown on 3 µm MOVPE templates with dislocation densities of4×108 cm−2. Thicker templates grown by MOVPE and HVPE with densitiesas low as 107 cm−2 and recently available 2-inch bulk GaN wafers withdensities < 105 cm−2 promise better results.A point of principle is, what profit an increased mobility would have. This isdifferent for InGaN and AlGaN. A further increase of the mobility in GaN/Al-GaN structures grown by MBE requires better substrates, and thereforecomes with higher costs. Instead of a further MBE growth optimization ofGaN and AlGaN, future work in this field should therefore focus on newapplications. As an example, non toxic sensors were studied as part of thiswork.For device applications of heterostructures with InGaN wells, it is of lesserinterest to increase the mobility. The obvious application for high electronmobility structures are transistors. In principle, InGaN structures promise ahigher mobility than AlGaN devices, because the effective mass of electronsis lower in InN than in GaN or AlN. However, the 2DEG in GaN/InGaN/-GaN forms within the InGaN layer, and is therefore subjected to alloyscattering. The effective mobility in 2DEGs would thus be of the same orderin heterostructures with AlGaN and InGaN quantum wells, if the indiumfluctuations are fully suppressed. In addition, indium is an extremely rareand expensive metal and will not be used for something other materialscan do just as fine. For optoelectronic devices, a suppression of the indiumfluctuations is not desirable. Areas with higher indium content are the sourceof efficient radiative recombination. Therefore, there is no benefit for appli-cations from an increased mobility by a reduction of the fluctuations.From a research perspective, higher mobilities in InGaN 2DEGs are de-sirable. If the mobility could be increased by only one order of magnitudecompared to the results obtained in this work, basic material properties, suchas the effective mass or spin-orbit interaction, can be accessed by electricalmeasurements. This could be compared to results from other techniques inorder to improve the understanding of this material system, and motivatesfuture work on the MBE growth optimization of InGaN.
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A
L E T S G E T G R O W I N G
a.1 welcome to the sample wash
If you want to grow high quality samples, and since you are one the veryvery very few people I assume to read this, I bet you want do, you need aclean substrate. The first step towards a clean substrate is a clean sampleholder. In the Veeco GEN II MBE used in this work, the samples are mountedonto molybdenum holders. Over time, these holder get covered with thingsyou deposited there, and other things you do not want there. Therefore,the holder should be cleaned about every 6 month. In order to removeheavy contaminations, the holder has to be ground. Afterwards, chemicalcleaning removes residuals from the grinding process. You can remove lightcontaminations just chemically.The chemical cleaning always has to be done by HCL and KOH, of course af-ter one another. HCL removes metals, and KOH removes oxides and nitrides.Molybdenum is hardly etched by both, and long treatments (about 30 minand more) in non diluted HCL and high molar KOH solutions can be applied.If possible, do this in an ultra sonic bath to support the process, but keep theacid and base covered to prevent evaporation. After the chemical cleaningthe holder parts have to be rinsed in deionized water. Before mounting asample, the empty holder has to baked at 200 °C for some hours in the introchamber.The cleaning process WILL change the effective temperature of the substrate.From many growth cycles the holder was covered by thick layers of metalsand nitrides. When the layers are removed, the heat emission from the holderchanges drastically. For the same substrate, I observed temperature differ-ences as high 50 °C in the reading temperature indicated by the temperaturecontroller. The substrate temperature should be changed accordingly. Doso, by checking the desorption of a metal of your choice at a referencetemperature you checked before cleaning the holder. The same holds whengrowing on a different sample holder. EVERY holder has a different heatemission either by design or by growth history, and believe me, it is notsmall.For all the samples presented in this work, I used GaN templates fromLUMILOG with a dislocation density of 4 × 108 cm−2. These substrates
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showed good results. Before placing a big order of substrates from othercompanies, the substrate quality should be checked on a test substrate. Growone AlGaN 2DEG on LUMILOG and one on the new substrate AS THENEXT SAMPLE. Do not let anybody else come between you and your work.By the way, the same is also true for delicate growth series. Successivegrowth will limit deviations of parameters you can not control or even thinkof. Rate the new substrate according to the low temperature mobility. If inthe near future bulk GaN becomes affordable, BUY IT.The substrates usually come epi-ready. Unfortunately, they have to be dicedbefore growth which results in a slight contamination. A cleaning with sol-vents is enough to prepare them for growth. In this work, the following stepswere applied and yes, they were applied twice, but in different beakers:

1. 2 min aceton with ultrasonic power 2
2. 2 min aceton with ultrasonic power 2
3. 2 min 2-propanol with ultrasonic power 2
4. 2 min 2-propanol with ultrasonic power 2
5. blow dry with nitrogen QUICK and THOROUGH

During this process the sample must never dry by itself as this WILL result instains. For the same reason, the nitrogen pressure used to blow the sampledry has to be as high as it is, so grab your sample tight. Otherwise it will joinmany of my substrates in the gutter of the flowbox. Other solvent cleaningprocedures are possible. However, do not assume that a procedure workswithout checking it. Control the surface by AFM and optical microscopy. Doso after bake out, because this will represent the surface you grow on.Now you can mount the clean substrate onto the holder, but do not take iteasily. The sample always has to be mounted in the same way. A tilt or ashift results in a changed temperature of up to 20 °C. After mounting thesample, heat it for 10 min at 200 °C in the load lock and for 10 min at 600 °Cin the buffer chamber. Long periods of heating produce a carbon coveredsurface, so short times at higher temperatures are better.When the sample is in the growth position, heat it up to the growth temper-ature. After the nitrogen plasma is on, open the nitrogen shutter for 15 min.This will remove containments from the surface.
a.2 where stars are born: the growth chamber
This is where the magic happens. When working on the machine, alwaysremember: If you break it, many other people will loose it. As you probablyhad a good instruction by one of your fellow coworkers, I only state veryfew points here, you should bear in mind:
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• heat samples with a maximum ramp of 25 K/min.
• heat effusion cells with a maximum ramp of 15 K/min (except Si:40 K/min).
• do not flash GaN. If you heat it to high, it decomposes.
• regenerate the cryogenic pump at least 4 times a year (better everyweekend).
• never let the liquid metal effusion cells drop below or rise above theirmelting point uncontrolled, as the crucible might break. For Ga thismeans: heat is slightly if opening the growth chamber.

I wasted a lot of time, by starting the nitrogen plasma wrong. To spare youthis, here is the easiest way I found for my conditions:
1. CLOSE the ion pump valve.
2. open the molecular nitrogen supply.
3. set the flux to 2.5 sccm or higher, until the chamber pressure exceeds1.5 × 10−5 mbar.
4. AFTERWARDS, start the high frequency generator at 300 W andreduce the reflected power to zero.
5. set the flux to 0.5 sccm and wait, keeping an eye on the reflectedpower.
6. the pressure will decrease, because the flux was reduced. At somepoint there will be an instant drop (around 8 × 10−6 mbar) and thereflected power jumps up. You are now in the high brightness mode.
7. reduce the reflected power to zero and check for the next 10 min if itstays stable.

a.3 gan the great
In the following, I describe the optimization that resulted in my best samples.This is only a guideline, but it is a good point to start from. A samplerecipe is given in Table A.1. The substrate temperature stated in the tableis the temperature indicated by the temperature controller, it is not the realtemperature I stated during the main part of my thesis. If you are confusedsee Appendix C.After the 15 min of nitridation, a wetting layer of gallium is deposited tostart the growth under Ga-rich conditions. Then a loop of 7.5 min growthand about 20 s desorption is started. During each loop, 25 nm of GaN grow
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Material Step Time[min] TS [°C] Ga N

Nitridation 15 ≈ 800 k {
GaN Ga wetting layer 0.5 ≈ 800 { k

GaN 7.5 ≈ 800 { { LoopDesorption 0.3 ≈ 800 k k
Desorption 2 ≈ 800 k k

Table A.1: Recipe for GaN growth.
for a nitrogen flux of 0.5 sccm with a power of 300 Watts.Chose a Ga-flux 1.4 times higher than the GaN stoichiometry (roughly
pBEP = 2 × 10−7 mbar at my time). You should choose the substrate temper-ature according to the desorption observed by RHEED. After closing theshutters for desorption, the RHEED intensity should rise within the next20 s. If it takes longer the substrate temperature needs to be increased. If thedesorption start right away the substrate temperature needs to be lowered.For this method the first desorption step is usually misleading becauseof the wetting layer deposited prior to growth. If nothing happens after1 min start nitridating until the RHEED intensity increases and immediatelycontinue the growth. Start the adjustment of the substrate temperature withthe second desorption loop.It is always better to have an idea about the temperature range prior togrowth. To evaluate the temperature roughly, deposit gallium on the templatefor 30 s. If the RHEED intensity did not drop to a constant value during thistime, the substrate temperature is way to hot. Decrease the temperature by25 °C and try again. If the RHEED intensity dropped to a constant value,monitor the desorption. If it takes more than 1 min till the intensity changes,the substrate is way to cold. Increase the temperature by 25 °C and tryagain. If the desorption starts within 1 min start the growth. During the GaNloops the required adjustments should be in the range of only ±10 °C. Trydifferent RHEED directions or positions on the sample before making harshchanges, as no detectable desorption can also be based on a non idealRHEED image.The temperature adjustments during growth should only change the pro-duced quality slightly, if the temperature was not to far off. For slightly nonideal condition, the surface roughness only changes a little bit. Because theroughness is only important at the interface towards another material, besure you have everything under control by then. If the substrate temperatureleads to no satisfying desorption, just keep growing and adjusting untilit does and then continue with your heterostructure. Note, the samples
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presented in the main part were grown under constant conditions. The stepsdescribed here just represent a way to get started.There is always the possibility, that you grew to metal rich, i.e. in the dropletregime. You can check this right after the sample comes out of the machine.Just wipe the tip of plastic tweezers over the grown sample. If this leaves atrace, there are metal droplets on the surface and the substrate temperaturewas to low. If you want to characterize a droplet covered sample, you canremove the droplets with HCL if you like. This will only remove metals andnot etch nitrides.
a.4 algan the almighty
AlGaN is easy to grow, if the layer is thin (< 30 nm) and the Al content issmall (aAl < 0.25). Just open the Al shutter together with Ga and N after aregular GaN desorption step. For thicker layers and higher Al contents, theGa-flux should be reduced according to desorption just as for GaN growth.Al is always preferably incorporated over Ga for c-plane AlGaN growth attypical GaN growth temperatures. An easy example: There are 100 N atoms,100 Ga atoms and 50 Al atoms. The results will be Al0.5Ga0.5N because Algets served first. All aluminium atoms bind with the available nitrogen andgallium binds with the leftovers. This is why the Al content is given by theAl/N ratio. If you know the stoichiometry of AlN, the Al content is equal tothe fraction of the stoichiometric Al-flux.

Material Step Time[min] TS [°C] Ga Al N
Nitridation 15 ≈ 800 k k {

GaN Ga wetting layer 0.5 ≈ 800 { k k
GaN 7.5 ≈ 800 { k { LoopDesorption 0.3 ≈ 800 k k k

AlGaN AlGaN growth 6 ≈ 800 { { {
GaN GaN 1.5 ≈ 800 { k {

Desorption 2 ≈ 800 k k k
Table A.2: GaN/AlGaN/GaN recipe
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a.5 ingan the terrible
InGaN is way more feisty than GaN or AlGaN. There is still a lot to do,but this is as far as I got. One more thing before we start: InGaN with lowindium content is yellow. Because it absorbs in the blue, all sample youhave successfully incorporated indium into, will appear yellow to the nakedeye. If you compare it to GaN templates, you can see the difference in colorfor InGaN layers thicker than 10 nm. This is extremely useful if you growat high temperature conditions, as you can check straight away if indiumwas incorporated or not. You should always double check with XRD, but itis still useful.The hardest thing to control is the indium content, as it depends on thesubstrate temperature, the In-flux and the Ga-flux. You should thereforeperform a RHEED study on a different sample before growing a series ofsamples. The following describes the growth with 10% In content, as anexample.First, find the GaN stoichiometry. Afterwards, chose a Ga-flux which cor-responds to 90% of the stoichiometric flux for the following InGaN growth.Then chose an In-flux of about pBEP = 3 × 10−7 mbar. Do a RHEED studyof the desorption with this flux depending on the substrate temperature.Start around 50 °C below the GaN growth temperature. Grow InGaN for2 min and monitor the desorption. Reduce the substrate temperature untilthe growth is carried out under droplet conditions. At these conditions growInGaN for 10 min. If the sample grown appears yellow to the naked eye, theconditions were right and the actual sample can be grown. If it is not yellow,either the substrate temperature was to high or the Ga/N ratio was higherthan one. Try again.During the growth of InGaN based heterostructures a protective galliumlayer has to be present on the surface at all times. To do so, open the Gashutter for about 1 min after the last Ga desorption step of the modulatedGaN growth. Start to cool down the substrate during this deposition to theInGaN growth temperature obtained from the RHEED study. During thecool down Ga must not desorp, which has to be checked with RHEED andcounteracted by the deposition of more Ga if necessary. While the samplecools down, the Ga-flux has to be reduced to Ga/N = 0.9.If at the InGaN growth temperature, deposit In for 30 s. Now you have toget rid of the Ga adlayer, as it keeps indium from being incorporated. Itried various approaches here. One was, to let gallium desorp under excessindium. Another was to start growth by opening In + Ga + N. In the followingI focus on a third approach, which is the easiest, but might not be the best.It implies that InN does not grow at the applied substrate temperature. If atsome point, the fluctuations should not be the dominant scattering processanymore, this step should be reconsidered.Open nitrogen in addition to indium and watch the RHEED intensity. At
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some point the intensity should go down. The Ga adlayer is now gone. Ifyou now open Ga, InGaN starts to grow. After InGaN growth, first close onlyN. After some time close In and close Ga a little bit later. This ensures thatthe protective layer is present at all times, even if In should desorp quickly.Afterwards, the sample is heated up to GaN growth temperature. Duringthis time the Ga adlayer must not fully desorp. Check this by RHEED anddeposit additional Ga if necessary. If a RHEED reconstruction is observedduring the hole InGaN growth process, the sample is done for.

Material Step Time[min] TS [°C] Ga In N
Nitridation 15 ≈ 800 k k {

GaN Ga wetting layer 0.5 ≈ 800 { k k
GaN 7.5 ≈ 800 { k { LoopDesorption 0.3 ≈ 800 k k k

Adlayer Ga layer 1.0 ≈ 800 { k k
T down 3.0 ≈ 700 k k k
In layer 0.5 ≈ 700 k { k
Nitridation ≈ 1.0 ≈ 700 k { {

InGaN InGaN growth 6.0 ≈ 700 { { {
Adlayer Ga+In layer 0.2 ≈ 700 { { k

Ga layer 0.5 ≈ 700 { k k
T up 4.0 ≈ 800 k k k

GaN GaN 1.5 ≈ 800 { k {
Desorption 2 ≈ 800 k k k

Table A.3: Recipe for GaN/InGaN/GaN growth
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R H E E D 1 0 1
b.1 the homebrew software
The software used in our group is self written. I think it is working quitefine, but feel free to do further modifications if you want to increase thefunctionality or the stability. It is written in visual basic 6.0 and uses someexternal packages for the camera, the graphs and for live fitting of profiles.A little problem came up in the last year, when we upgraded the RHEEDcomputer to Windows7. VB6 does not run well under Win7 and I tried toupgrade to .NET. This is complicated, as some packages are not compatible.You could program in the XP-mode, but the firewire camera does not workin this virtual system. I have to leave you with this problem, and suggestyou program on another machine, if you cannot fix it.The software works in the following way: An image is acquired from thecamera. The image data is then passed to several classes that process thedata. Only after all desired processes are completed, the next image is takenfrom the camera and the cycle starts over. The frames processed per secondis therefore mainly limited by the amount of processing done at the sametime.If you start the software you will find a toolbar at the top of the windowwhich is shown in Figure B.1. Some buttons are disabled, and will only beenabled as it makes sense, e.g. the intensity can only be saved if the datais processed. In the following, I will just describe some options and leave it
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Figure B.1: RHEED Software Toolbar
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up to you to try the rest.By pressing play, the images from the camera are acquired. You can changethe size of the image by choosing a Region Of Interest (ROI). There aretwo buttons to take pictures. One will immediately save the picture on thescreen, the other will take a series of pictures. You can place three intensityframes, from which the sum of the intensity can be plotted over time. Youcan place one profile frame, which gives you the sum of the intensity alongthe width or heigth of the frame. If you want to process the spacing betweenreflexes, you can choose strain. This will allow you to place two regions inthe profile window. Within each region, the software looks for a maximumand fits a peak to it. It then gives you the distance between the two peaksin pixel. This allows to measure the distance between the two peaks with asub-pixel accuracy.Before you can save data or images you have to open the file dialogue. Hereyou can create or choose a directory. After doing so, always press change
working directory. You can change the filenames individually or change thesample name and press change. The data you save will never be overwritten.As soon as you press one of the save buttons, the data will be saved in thefile you specified. If you press t=0 the time will be set to zero and a newfile will be created.On the right hand side of the main window you will find a sidebar. Hereyou can switch on a noise filter, which takes the average over an amountof frames in order to decrease the noise signal. By clicking on device, youcan access the camera options, in case you have lost the connection. The
settings button, opens a dialogue for the camera setting as provided bythe manufacturer. Here you can change important things like zoom, focusand exposure. In the sidebar you can define the time interval for imageseries and profile saving in seconds. The default is 10 s. After you madea change, remember to press update. Under graphs, you will find a sliderwhich changes the time scale of the intensity and strain graph. In the profiledata section you can define whether the profile is taken along the width ofthe profile frame or along the height by selecting vertical of horizontal. It isalso possible to substract a background in order to decreases the noise levelin the profile data. You are also able to subtract a Gaussian profile, which isfitted to three or more points, by selecting filter. You can define the pointsin the profile window by pressing set. The last box in the sidebar is usedto specify the peak finding in the profile window, in order to process thestrain. By pressing set left max or set right max, you enable the positioningof a region for peak search in the profile window. You can change to intervalwithin which the software looks for a peak. Remember not to choose theintervals to small, as the peak positions mighty change over growth timeand leave the processed region.So much for the software. The next section presents a short manual on howto acquire good data.
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b.2 smile: how to get a good image
First you have to turn on the electron gun. Do so, by switching the controlleron and increase the voltage in 1 V steps and the current in 0.1 A steps every10 s until you reach 14.5 V and 1.4 A. This is close to the upper voltageand current limit of E-gun. These settings result in bright images. You canchoose lower values, as long as the image stays bright enough.The controller of the E-gun has five parameters: gain, focus, x-deflection,y-deflection and rocking angle. I cannot say which values are good for yourmeasurement, so try around a little bit. I can however illustrate the processof getting a good image.In order to adjust the beam, you first have to get the undiffracted spot ontothe screen by changing x-deflection. If it is well focused it should look likethe spot shown in Figure B.2. You can get a well focused spot by adjusting
grind and focus. Afterwards, use x- and y-deflection to move the spot ontothe sample.Now you have to rotate the same holder, in order to find the pattern youwant to look at, which is usually one of the highly symmetric patterns. Duringrotation of the sample the intensity will change. You should compensate thisby readjusting x- and y-deflection to be able to compare the brightness ofpatterns that repeat every 60 °. You should look for the brightest pattern youfind. If you want to measure the strain, consider tilting the sample towardsnegative angles. This implies that the molecular beams will hit the sampleunder a non ideal angle, so keep the tilt small (< 3°). By tilting the sample,the pattern moves deeper into the screen. Sounds strange, but you knowwhat I mean when you see it.If you found a pattern you like, use the y-deflection to check the impact ofthe sample holder prints. In some patterns you will see them moving throughthe image as shadows. Try to stay away from them. If you see them, you willprobe a part of the sample which is very close to the holder and which isthus much colder than the rest of the sample. This might produce misleadingresults.The rocking angle has to be adjusted as well. This is the inclination of the

Figure B.2Focused and undiffracted E-beamspot. Make sure the rings are assharp as possible, by tuning gridand focus, before moving the spotonto the sample.
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E-beam onto your sample. If you want to be very surface sensitive, choosea small rocking angle. If you have trouble with artifacts from the sampleholder, try to choose a larger angle. The angle also influence the area youprobe with the beam. For smaller angles, the beam is in contact with thesample over longer distances. So if you choose a very small angle on a smallsample, you will have large contributions from the edges of your sample.Therefore, I usually used intermediate angles.Once you have a bright, symmetric pattern without artifacts of the holder,you can place the frames. The software allows you to place three intensityframes, and to get the most out of a measurement you should place allthree. An example of how I used to place the intensity frames is shown inFigure B.3. I always placed two frames on the specular spot and one ona diffraction or reconstruction spot. The key to good intensity data is toknow that you want to measure a change in the intensity. Therefore, do notplace a frame on an area which is already at maximum intensity, as youprobably see no reaction if the intensity increases or is decreased slightly.A frame that covers an area which has almost no signal compared to anotherarea on the same reflex is not a good choice either, because it will show nochange if the intensity is lowered. It is always good to try different framesand change them during a test run in order to see which selection results inthe biggest intensity change. Do not vary the frames during measurementseries like desorption studies, as you will not be able to compare the dataat, e.g. the beginning and the end of your measurement.In Figure B.3 a profile frame is shown as well. This is used to measure thedistance between two reflexes. The upper part of the pattern is always agood choice. Here, the background signal from the specular spot is low, andthe fitting procedure gives more reliable results.This was just a guideline for you to get a good RHEED image. Always tryto vary some of the parameters and see what works best for you.

profile frame

intensity frames

Figure B.3: Example of intensity and profile frames. Profile frame on to of yourpattern, this minimizes the influence of the background. Intensity framesonly partially on the specular spot, as it is to bright to monitor changes.Just make sure you have some signal left if the pattern gets very dark.



C
H OT O R N OT: A B S O LU T E S U B ST R AT ET E M P E R AT U R E
The substrate temperature is a very important parameter in MBE growth.Differences of only a few degrees can change the growth conditions drasti-cally. While the temperature can be controlled precisely, the absolute valueof temperature is hard to access. This parameter becomes important whengrowing on different substrates and sample holders, and when comparing re-sults to the literature or doing quantitative analysis. Usually the temperaturein MBE is measured by pyrometers. This is not possible for our templates,which consist of GaN grown on sapphire. Both material are transparent forthe wavelength range detected by the pyrometer and the temperature of thesubstrate cannot be probed by this technique. Even if a substrate suitablefor pyrometric measurements is used, the temperature of the GaN surfacewill be different from the obtained value. This chapter therefore addressesthe absolute temperature measurement of a GaN surface.In the Veeco GEN II system used in this work the reading temperaturegives the temperature of a resistance heater which is not in direct contactwith the sample. The efficiency of the heat transmitted from the heater tothe sample depends on various parameters, such as the size of the sampleand the emission from the sample holder. The latter is very sensitive to theholder geometry, the coverage with material from previous growth cyclesand even to small changes in the way a substrate is mounted.The deviations of reading and absolute surface temperature are as highas 200 °C. In this chapter I present two methods to obtain the absolutetemperature of the substrate. The first is based on RHEED and a pyrometricreference measurement and was used in this work. The temperature valuesobtained by this method compare well with temperatures reported in theliterature for, e.g. GaN decomposition or optimum growth conditions forGaN. It is however not suited for in-situ temperature control. The secondmethod is based on optical band edge absorption [139, 140]. The setup forthis technique is still under construction.
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140 hot or not: absolute substrate temperature
c.1 old school: rheed
RHEED enables to get the absolute temperature right on the surface ofa sample together with a reference measurement. The reference sample ismeasured with a pyrometer and is calibrated according to the melting pointof aluminium deposited on the surface. In this work a template with 400 nmmolybdenum deposited on the backside was used. A study of the desorptionof gallium and indium is then used to assign the calibration to other samples.
With RHEED one can monitor the amount of metal on the surface and thestate which it is in. For the calibration we will use the solid-liquid transitionof aluminium at 660 °C. The first step of the calibration is to observe themelting of deposited Al. Grow some GaN first, in order to have a surfacecomparable to one you are usually working with. In principle, seeing Al meltis easy. However, in order to precisely measured it by RHEED, a series ofsteps has proven useful:

1. choose your RHEED spot to be in the middle of the sample (brightestwhen on 1×1 cm2).
2. deposit Al at a low temperature (TS = 300 °C) for about 1 min with
TAl = 1025 °C till you clearly observe Al reflexes as shown in Fig-ure C.1.

3. heat up, while checking the substrate temperature and watch the Alreflexes with RHEED.
4. stop when you are sure that all Al reflexes are gone and cool downagain till you are sure that you can see Al reflexes again. Go some10 °C further down.
5. place 2 intensity frames on the Al reflexes and one on GaN as areference and the profile frame at the very top of the Al pattern tomonitor the strain.

Figure C.1RHEED pattern of a thin solid alu-minium layer ontop of GaN (0001).The intensity of the aluminium re-flexes decreases during aluminiummelting. GaN

aluminium
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increasing Ts 5K/min

aluminium melting
sets in

Figure C.2: RHEED strain signal over time during substrate heating with 5 K/min.The point when the trend does not follow the linear trend, which isobserved because of the increasing temperature, gives the melting pointof aluminium.
6. now heat up the substrate with a ramp no higher than 10 K/min, safeintensity and strain and write down the starting temperature at t= 0.
7. your intensity and strain will change over time according to thetemperature ramp chosen.
8. at some point you will observe a change in the slope of the intensityand the strain, but keep going just a little longer.
9. the recorded data should look like Figure C.2. You can now determinethe time when the melting started and can derive the melting pointusing the starting temperature together with the temperature ramp.

This will also work with lowering the temperature, but the result will differby around 20 °C. The reason is the lower temperature at the edges of thesample. With RHEED you can only precisely measure the first change of thesignal. When heating up, the metal in the center of the sample will melt first,as this is the hottest area. When cooling down, however, crystallization onthe edges will be monitored, as they are colder and will start to crystallizefirst.The value of the Al melting is then used to calibrate the pyrometer. Setthe substrate temperature to the value where you observed to melting ofaluminium. Then change the emissivity value of the pyrometer until youobtain 660 °C. The pyrometer is now calibrated to the melting point of Alon the GaN surface.We are not done yet. In order to use the calibration on other samples,some reference points are needed. You can obtain some, by monitoring the
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Figure C.3: Reading substrate temperature for a standard GaN template and aGaN template with a 400 nm molybdenum backcoating over calibratedpyrometric temperature. Strong deviations between the absolute tem-perature measured by the pyrometer and the reading temperature areobserved. The temperature range for desorption of indium and galliumis indicated.
desorption time of Ga and In at various calibrated temperatures. Choosea certain flux and write down the desorption time and the correspondingcalibrated pyrometer temperature. By repeating this desorption studies onother sample holders and on substrate without back coating, the temperaturecalibration can be assigned to other sample holders or substrates.The temperature calibration used in this work is shown in Figure C.3. It givesthe reading temperature of a standard GaN template and a molybdenumback coated template over the calibrated pyrometric temperature. You notice,that the reading temperature is far higher than the absolute temperature. Ifyou have not done this calibration for your sample holder or substrate, barethis in mind during discussions and while reading literature. The figure alsoindicates the temperature range for the desorption time measurements.
c.2 new school: band edge absorption
Band edge absorption is a more precise way of measuring the absolutetemperature and can also be applied in-situ. The basic setup of this techniquein MBE is shown in Figure C.4. Light shines onto the sample and the diffusereflected light is analyzed by a spectrometer.The spectrum of the reflected light will show an absorption edge as depictedin Figure C.5 a). Light with energies above the band gap will be absorbed,while light with lower energies will be reflected. The band gap can thus bedetermined by this spectrum. As the band gap energy depends on temperature,
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Figure C.4Setup for band edge ab-sorption measurement.Light is focused ontothe sample through aviewport. The diffuse re-flected light gets de-tected via a viewportwhich is not affected bydirectly reflected light.The signal is then ana-lyzed by a spectrometer.
as shown in Figure C.5 b) for wurtzite GaN, so does the spectrum of thereflected light. This temperature dependence can either be taken from theliterature or it may be calibrated.This setup is still under construction in our MBE system. The spectrometerand the optics to collect diffuse reflected light are already installed. Examplemeasurement with an UV lamp for lithography showed, that for our templatesa wavelength between 380 nm and 450 nm has to analyzed. However, alithography lamp is not designed for long exposures. At this stage, we arestill looking for an affordable lamp with the desired wavelength range whichis bright enough to produce good signals in the spectrometer.
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