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Abstract 
Gallium-nitride (GaN) and its related alloys are direct band gap semiconductors, with a wide variety 
of applications. The white light emitting diode (LED) is of particular importance as it is expected to 
replace energy inefficient light bulb and hazardous incandescent lamps used today. However, today’s 
planar hetero epitaxial grown LEDs structures contain an unavoidable number of dislocations, which 
serves as non-radiative recombination centers. The dislocations harm the luminous efficiency of the 
LEDs and generate additional heat. Pseudomorphically grown quantum dots (QDs) are expected to 
be dislocation free thus the injected carriers captured by the QDs essentially recombine radiatively 
since the dislocations remain outside the QD. Furthermore the continuous character of the density of 
states in bulk materials is redistributed when the size of the dot is reduced within the Bohr radius of 
the material. Fully discret energy levels are eventually reached, which offers additional control of the 
optical properties. The Coulomb interaction  between the confined carriers also has influence on the 
emission energy of the recombining carriers, which opens up the possibility of manufacturing novel 
light sources such as the single photon emitter. Single photon emitters are essential building blocks 
for quantum cryptography and teleportation applications.  

The main contribution of the present work is the investigation of growth and characterization of site-
controlled indium-gallium-nitride QDs embedded in GaN matrixes. The goal has been to demonstrate 
the ability to grow site-controlled InGaN QDs at the apex of hexagonal GaN pyramids in a controlled 
way using hot-wall metal organic chemical vapor deposition (MOCVD). Strong emphasis was set on 
the controlled growth of InGaN QDs. For example the growth of a single InGaN QD located at the 
apex of hexagonal GaN pyramids with tunable emission energy, the QD emission energy impact on 
the mask design, and a novel approach for the growth of InGaN QDs with polarization deterministic 
photon vectors were reported. The thesis is mainly based on experimental investigations by 
secondary electron microscope (SEM), micro photo-luminescence (µPL), and scanning transition 
electron microscopy ((S)TEM) characterization techniques. 

In Paper 1 and 2, we present the growth of symmetric GaN hexagonal pyramids which served as 
template for the InGaN QDs grown. In paper 1, it was concluded that the selective area growth (SAG) 
of hexagonal GaN pyramids by MOCVD through symmetric openings in a SIN mask roughly can be 
divided in two regimes where either the pyramid expands laterally or not. When the pyramid 
expanded laterally the resulting pyramid apex became (0001) truncated even after prolonged growth 
times. Lateral expansion also had major impact on the pyramid-to-pyramid uniformity. In paper 2, 
the MOCVD process parameter impact on the pyramid morphology was investigated. By tuning the 
growth temperature, the ammonia, and TMGa -flows a self limited pyramid structure with only 

{1101} facets visible was achieved. The presence of the {1101}, {1102}, and {1100} facets were 
discussed from surface stabilities under various growth conditions. 

Paper 3 and 4 concern the growth of InGaN QDs located at the apex of hexagonal GaN pyramids. In 
paper 3, we showed that it is possible to grow single QDs at the apex of hexagonal pyramids with 
emission line widths in the Ångström range. The QD emission energy was demonstrated to be 
tunable by the growth temperature. Basic spectroscopy data is also presented on a single QD in 
paper 3. In paper 4, the growth mechanisms of the QDs presented in paper 3 are presented. We 
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concluded that (0001) truncated GaN pyramid base initiated the growth of InGaN QDs which gave 
rise to narrow luminescence peaks in the µPL spectra. 

In paper 5, the QD emission energy impact of the mask design was investigated. To our big surprise 
the QD emission energy increased with increasing pyramid pitch while the emission energy of the 
InGaN quantum wells located on the {1101} facets of the pyramids energetically shifted towards 
lower energies. The energy shift at the apex was found to be associated with the (0001) truncation 
diameter of the underlying GaN pyramid since no energy shift was observed for (0001) truncated 
pyramids with truncation diameters larger than 100 nm. 

In paper 6, the symmetry of the GaN pyramids were intentionally broken through the introduction of 
elongated openings in the SiN mask (symmetric openings was used in the previous five papers). The 
emission polarization vectors of the subsequently grown InGaN QDs were deterministically linked to 
the in-plane orientation of the pyramid it was nucleated upon, implying that the QDs inhibit an in-
plane anisotropy directly inherited from the pyramid template. 

Finally, paper 7 describes a hot-wall MOCVD reactor improvement by inserting insulating pyrolytic 
boron-nitride (PBN) stripes in the growth chamber. By doing this, we have completely eliminated the 
arcing problem between different susceptor parts. As a consequence, the reactor gained run-to-run 
reproducibility. Growth of state of the art advanced aluminum-gallium-nitride high electron mobility 
transistor structures on a 100 mm wafer with electron mobility above 2000 Vs/cm2 was 
demonstrated by the improved process. 
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Populärvetenskaplig sammanfattning 
Gallium-nitrid (GaN) är ett halvledarmaterial som idag främst används för tillverkning av blå 
lysdioder. En lysdiod är en typ av halvledarkomponent som omvandlar elektrisk energi till ljus på ett 
mycket effektivt sätt (hög verkningsgrad). Eftersom ljuset från den blå alternativ violetta lysdioden i 
sin tur omvandlas till synligt vitt ljus med hjälp av ett fosforskikt, finns möjligheten att ersätta 
konventionella ljuskällor som glödlampor och lysrör vars verkningsgrad är betydligt lägre än diodens 
för att spara energi. Diodens verkningsgrad kan minskas då defekter i materialet som fångar upp och 
”dödar” laddnings bärare som annars skulle ge upphov till ljus. Defekter är en typ av fel i 
kristallstrukturen som på ett okontrollerat sätt skapades under tillverkningsprocessen av materialet. 
Genom att introducera kontrollerade defekter i kristallen, så kallade kvantprickar, vars uppgift är att 
fånga in laddningsbärare och ändå generera ljus, kan verkningsgraden på dioderna förbättras. 
Kvantpricken består vanligtvis av en legering av indium-gallium-nitrid (InGaN) och är inte större än 
ett fåtal nanometer. På en sådan liten skala beskrivs elektronernas rörelser av kvantmekanikens 
lagar. Som följd av detta får elektronen bara finnas på diskreta energinivåer i kvantpricken vilket 
öppnar upp möjligheter till att skapa helt nya typer av ljuskällor som kan användas inom exempelvis 
kvantkryptografi.  

Mer specifikt består lysdioden av flera tunna epitaxiella halvledarskikt som på ett ordnat sätt har 
odlats på ett substrat. Ordet epitaxi kommer från grekiskans epi, som betyder ovanpå, och taxis, som 
betyder i ordning. Den vanligaste tillverkningsmetoden av epitaxiella skikt i halvledarindustrin kallas 
på engelska för Chemical Vapor Deposition (CVD). Ett CVD system kan enkelt beskrivas som en ugn 
där man kontinuerligt flödar igenom gaser. När gaserna når den varma zonen, sönderdelas de i 
molekyler och fria radikaler. En del av dessa radikaler landar och fastnar på ett substrat, vilket bidrar 
till kristalltillväxten. På så sätt byggs filmen upp. Beroende på vilken typ av material man vill odla 
används olika gaser. Vid framställning av GaN, används oftast ammoniak (NH3) samt en 
metallorganiskförening vid namn Trimethyl-gallium ((CH3)3Ga). Beroende på vilken typ av gaser som 
används kallas processen för olika namn. Vid användning av metalorganiska gaser, kallas processen 
oftast för Metal Organic CVD (MOCVD). 

I den här avhandlingen har tillverkningsprocessen studerats för enstaka InGaN kvantprickar vars 
position på ett exakt sätt kan förutbestämmas. Vi har även studerat kvantprickarnas optiska och 
strukturella egenskaper. All halvledartillväxt utfördes i ett MOCVD system. Positionen av 
kvantpricken kunde förutbestämmas genom att låta kvantprickarna växa på substrat bestående av 
hexagonala GaN pyramider där kvantprickarna selektivt växte på toppen av pyramiden. Stort fokus 
har lagts på att kontrollera och skräddarsy kvantprickarnas egenskaper. Till exempel odlades 
kvantprickar på avsiktligt deformerade pyramider, vilket resulterade i att kvantprickarnas 
linjärpolariserade emission kunde styras (Artikel 6). Färgen på det emitterade ljuset från 
kvantprickarna kunde också styras genom att justera tillväxttemperaturen (Artikel 3). Vidare så 
undersöktes också pyramiddensitetens inverkan på det emitterade ljuset. Till vår stora förvåning 
fann vi att ljuset från kvantprickarna blev skiftade mot lägre energi då avstånden mellan pyramiderna 
ökade. Detta kan inte förklaras med konventionella tillväxtmodeller (Artikel 5). Vi har också studerat i 
detalj hur kvantprickarna växer. Vi fann att de kvantprickar som gav upphov till väl definierade 
emissionslinjer i fotoluminiscensspektrum endast växte på trunkerade GaN pyramider (Artikel 4). En 
trunkerad GaN pyramid kan ses som en hexagonal pyramid vars top består av en platt yta. 



4 
 

För att kunna odla kvantprickar selektivt krävs en bra underliggande hexagonal GaN pyramid av hög 
kristallkvalitet. Tillväxten av dessa pyramider skedde likt kvantprickarna i samma MOCVD system fast 
under andra tillväxtbetingelser. I Artikel 1 och 2 visar vi hur man på ett kontrollerat sätt framställer 
hexagonala GaN-pyramider optimerade för de efterkommande kvantprickarna. Vanligtvis användes 
en tillväxttemperatur kring 1000 oC.  

I denna avhandling har hetväggs MOCVD system används för materialframställningen vars värmande 
del kallas susceptor. I ett hetväggssystem består susceptorn av fyra olika delar, tak, botten samt två 
väggar. Värmeutvecklingen sker genom resistiv värmning och strömmen i de olika delarna induceras 
av ett hög frekvens fält. När strömmen går från en del i susceptorn kan extremt varma punkter 
(>2000 oC) skapas temporärt på grund av lokalt förhöjd strömdensitet. Detta orsakar degradation av 
susceptorns yta och kan påverka renheten av det odlade materialet. Genom att sätta in pyrolitisk 
bor-nitrid (PBN) mellan de olika susceptordelarna isoleras delarna från varandra och uppkomsten av 
de temporära varma punkterna kan elimineras. Som följd av detta ökade reproducerbarheten i 
tillväxtprocessen (Artikel 7).       
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Chapter 1  Introduction to GaN and related alloys 
Gallium-nitride (GaN) and its stable alloys with indium and aluminum have become one of the most 
important semiconductors materials since silicon. GaN based optical devices can emit bright light in a 
wide range of wavelengths and temperatures due to its tunable and wide bandgap. During the past 
decade, significant efforts have been invested in development of reliable and low energy consuming 
light emitting diodes (LEDs), which emit visible light. The main driving force of the development is the 
enormous market potential for replacing ordinary bulbs and fluorescent tubes used for conventional 
lightning. GaN based LEDs have already made an entry to the market, and nowadays GaN based 
optoelectronic components are integrated in for example large area displays, traffic lights, and public 
lightning. Laser diodes (LDs) have also been fabricated from GaN. The GaN based LD technology is 
commercially known as the Blu-ray. The Blu-ray technology have become this generation media 
standard for high definition movies.  

The most commonly used III-nitride semiconductors are indium-nitride (InN), gallium-nitride (GaN), 
and aluminum-nitride (AlN). These materials are LED suitable materials for many reasons. Foremost 
AlN, GaN and InN are direct band gap materials, thus a photon can directly be generated from an 
electron-hole pair without any phonon involvement. Furthermore the bandgap energies of AlN, GaN, 
and InN are 6.2, 3.4, and 0.7 eV at room temperature cover the entire visible spectrum from the IR to 
the deep UV range (see figure 1). Traditional LED materials such as (Al,Ga,In) -arsenides and  
(Al,Ga,In) -phosfides “only” cover the IR to green -region. III-nitride semiconductors have also strong 
chemical bonds, which makes the nitrides very stable and resistant to degradation under high electric 
fields and temperatures.  

 

Figure 1: Band gap energies of some common semiconductors showed in electromagnetic spectra.  

GaN has also been implemented in power amplifiers at radio frequencies by the form of high 
electron mobility transistors (HEMTs). The HEMT device has historically drawn a large interest from 
the military, where the device is primarily employed in radar and military warfare solutions. 
Nevertheless, GaN based HEMTs are also suitable for commercial market in the form of wireless 
communication applications. The GaN based HEMT technology is getting more mature and there are 
already some commercial companies selling products based on GaN HEMTs.  
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The conducting channel of GaN based HEMT device generates lots of heat during operation. GaN can 
indeed handle relative high operation temperatures since it is a wide band gap semiconductor and 
becomes intrinsic at much higher temperatures compared to conventional semiconductors such as 
silicon, germanium, and GaAs. GaN has also high thermal conductivity which allows efficient heat 
transport from the channel. The high breakdown field eliminates the need of pre voltage conversion 
and capabilities for blocking large voltages. A high saturated electron drift velocity enables high 
frequencies. In Table 1 some important properties of the III-nitrides and other common 
semiconductors are shown.  

Table 1: Selected physical properties of Si, 4H-SiC, and the III-nitrides. Data from references [1][2][3][4]. 

Material parameter Si 4H-SiC GaN AlN InN 
In-plane thermal expansion coefficient ∆ / (µK-1) 1.1 4.0 5.59 4.2 3.0 
Thermal conductivity (Wcm-1K-1) 1.2 3.7 2.3 2.8-3.0 0.8-1.8 
Electric breakdown field (MV/m) 0.2 2.0-4.0 3.0-5.0 1.2-1.8 - 
Band gap (eV) 1.1 3.2 3.4 6.2 0.7 
 

In addition to LEDs, LDs, and HEMTs GaN based material have been employed in several other 
exciting applications such as solar cells [5], piezoelectric sensors [6], and hydrogen generation [7]. 
Thus, GaN is inevitably a very interesting material for the future.  
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1.1 Short history of GaN 
In figure 2 the timeline of major milestones in GaN 
versus the calendar year is shown. The timeline in 
figure 2 starts at 1970, however, the research of GaN 
goes back much further. The first synthesized GaN 
was reported in 1938 by Juza and Hahn [8]. In 1969 
Maruska and Tietjen [9] reported the first large-area 
GaN on sapphire. Maruska and et. al. demonstrated 
GaN to be a direct-band gap semiconductor with a 
band gap of about 3.39 eV. This immediately 
increased the interest for GaN, as it seemed as a 
good candidate for blue LEDs. This was also reflected 
in the increased number of publications on the topic. 
Before 1970, 3 to 4 publications per year compared 
with ∼ 30 per year after their papers. Several papers 
followed in subsequent years (1970 to 1985) 
determining basic properties of GaN. For example, 
Monemar [ 10 ] determined the fundamental 
properties of the band gap in 1974. However, in 
comparison to traditional III/V –materials such as 
GaAs, it is significantly more difficult to grow high 
quality GaN. It was particularly difficult to grow large flat surfaces free of cracks with reasonable 
residual donor concentrations. Up until 1985, no significant improvements of crystal quality were 
reported and the interest of GaN slowly faded as reflected in the declining number of publications in 
the 1975 - 1985. In figure 2 the timeline of major milestones in GaN versus the calendar year is 
shown. [11] 

In 1985 Amano et. al. introduced a two-step growth method using a AlN buffer layer. This resulted in 
great improvement of crystalline quality. In 1989 Amano et al. obtained p-type conductivity using 
magnesium doped GaN. In 1993 Nakamura et al. reported successful realization of the world first p-
GaN/InGaN/n-GaN double heterojunction blue LED. Shortly after that Nichia Chemical Industries 
started commercial production of blue LEDs. As the commercial interest of GaN increased, the 
number of publications of GaN exponentially increased after year 1993. [11] Riding the wave of blue 
LED, the first GaN based high electron mobility transistor (HEMT) device were reported in 1994 by 
Asif Kahn et. al. [12].  
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versus the calendar year. Figure created with inspiration 
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Chapter 2 Some properties of the III-nitrides 
2.1 Crystal structure 
III-nitrides either crystallize in cubic zincblende or 
hexagonal wurtzite lattice structures. Under 
thermodynamically stable growth conditions, the III-
nitrides naturally crystallize into hexagonal wurtzite 
structure which consists of two interpenetrating hexagonal 
close packed lattices, which are shifted with respect to 
each other ideally by 3/8c0, where c0 is the height of the 
hexagonal lattice cell. In this thesis, the wurtzite structure 
was studied, thus the only crystal structure described in 
the chapter. The wurtzite crystal structure is hexagonal 
with a basis consisting of four atoms, two group III-
elements and two nitrogen atoms. The basic building block 
of the wurtzite III-nitrides crystal structure is a tetrahedron, 
where each group III-element is bound to three nitrogen and vice versa as shown in figure 3. 
However, its tetrahedral symmetry is not perfect. Three of the nitrogen (or III-element) atoms form 
equilateral bonding lengths (a0) to each other, while the forth forms a slightly shorter (b0) bond 
length to the previous three. The angle to the three fold rotation symmetry axis is therefore slightly 
wider than the previous three. By definition, the +c or [0001] direction is given by a vector pointing 
from the III-element atom to the nitrogen atom along the three fold rotation symmetry axis. The 
atoms are predominantly bonded covalently. However, due to the large differences in 
electronegativity between the III-elements and nitrogen atom, there is also a noteworthy ionic 
contribution. 

The wurtzite lattice lack inversion symmetry in the [0001] direction. Lack of inversion symmetry 
means that, a point with coordinates (x,y,z) is invariant to the point located at (−x,−y,−z) where the z-
coordinate is along to the [0001] axis. For example, if we define the origin between a group III and 
nitrogen atom, inversion results in replacement of group III atom by nitrogen atom or vice versa. 
However, if we only allow inversion in the x and y direction (basal plane), the transition is variant. As 
a result any finite wurtzite III-nitride (0001) oriented crystal slab possesses two distinguishable 
surfaces. The surfaces have identical structure, but the opposite set of elements. The (0001) surface 
of GaN, i.e. the surface with a [0001] surface normal, is commonly known as the “Ga-face” or “Ga-
polar face” since the surface consists of close packed gallium atoms after a “perfect cut”. Similarly is 
the (0001) surface is commonly referred to the “N-face”. Termination, face, and polarity are often 
used as synonyms. However this is necessarily not true since a face/polarity refers to the orientation 
of the crystal, while the termination is determined by the outermost surface atoms [13]. 

Figure 4 shows the atomic arrangement in a conventional GaN unit cell and the three parameters 
defining the wurtzite lattice. The three parameters are: the edge length of the hexagon cell (a0), the 

Figure 3: Tetrahedral arrangement of atoms in 
III-nitrides. The bond length b0 is slightly 
shorter than a0 for all wurtzite III-nitrides. 
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height of the hexagonal cell (c0), and the cation-anion bond length ratio (u0) given in units of c0. A 
summary of the lattice parameters for AlN, GaN, and InN at 300 K is shown in table 2.  

 

Figure 4: a) conventional unit cell of GaN. b) Conventional cell viewed from the side. Figure b) is taken from reference 
[14]. 

Table 2: Lattice parameters of the wurtzite III-nitrides. From reference [15][16]. 

Parameter InN GaN AlN 
a0 (Å) 3.538 3.189 3.111 
c0 (Å) 5.703 5.185 4.980 
u0 (c0) 0.377 0.376 0.380 
c0/a0 1.6116 1.6259 1.6010 

2.2 Planes, surfaces, and directions 
Due to the six-fold symmetry of the wurtzite structure, four-index Miller notation (hkil) is convenient 
to use for the specification of various crystal surfaces, planes, and directions. The four-index Miller 
notation include a redundant index related to the first two indices by the equation i=-(h+k). In this 
thesis, the following standard notations are used: 

(hklm) => One specific plane/surface 

[hklm] => One specific direction 

{hklm} => Crystallographically equivalent planes/surfaces 

<hklm> => Crystallographically equivalent directions 

Overlines are used to denote negative quantities. Common important directions and planes are 
shown in figure 5a-b. The vectors generating the unit cell in the basal plane are aligned along the 
<1120> directions. The unit cell directions in the basal plane are denoted as the a-directions. 

Similarly, the [0001] and <1100> directions are called the c and m -directions respectively. The 
planes/surfaces with surface normal to those directions are labeled according to their direction 
character letter. 
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Figure 5: a) basal plane of a hexagonal structure, including crystallographic axes and some important directions. b) three 
dimensional view of the hexagonal structure, showing some important crystal planes. 

2.3 Band structure of bulk III-nitrides 
When atoms are brought sufficiently close to each other, their electrons will start to interact. The 
overlap of the electron wave functions leads to the formation of energy bands which are separated 
by a band gap. All electrons which participate in the interaction form a new closed system, for which 
the Pauli exclusion principle is valid. In an intrinsic semiconductor at zero Kelvin the highest fully 
occupied band is called the valence band (VB). The VB is separated by the band gap energy ( ) from 

the unoccupied conduction band (CB). Electrons in the VB are not able to move, thus at reduced 
temperatures the semiconductor acts as an electric insulator. At higher temperatures, electrons may 
partially populate the CB, which allows electric current conduction. Conduction can also be 
performed by the absence of electrons in the VB. The absence of an electron in the VB is treated as 
quasi particle called hole. The electrons and holes have identical charge magnitude, but with 
opposite signs.  

The amount of electrons in the CB can be varied by adding other atoms to the crystal which can 
donate electrons to the CB. Such atoms are called donors. Other atoms, called acceptors, are able to 
accept electrons form the VB thus create a hole in the in VB. Silicon and magnesium are two 
examples of frequently used donor and acceptor atoms in III-nitrides. The band structures of the III-
nitrides have been investigated extensively during the past decade. 
Figure 6 illustrates the band structure of wurtzite GaN. The valance 
band maximum and the conduction band minimum are located at 
the same position in K-space. Semiconductors with this band 
structure feature are denoted as direct bandgap materials. All III-
nitrides are direct bandgap materials. Due to the small photon 
momentum, electron-hole pair recombination can occur without 
phonon (quasi-particle used for the lattice vibrations) involvement. 
When an electron-hole pair recombines, a photon is emitted. Since 
there is large probability that electron-hole pairs recombine 
without phonon involvement, the nitrides are suitable material 
choice as photon emitters. Observe that the VB structure in figure 6 
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Figure 6: Wurtzite GaN band structure 
near the center of the brillouin zone.
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split into three sub-bands.  

Up to date, cheap large diameter (larger than 2”) III-nitride substrates are not commercially available. 
Most of the GaN reported in the literature are therefore heteroepitaxially grown on sapphire and 
silicon carbide (SiC) substrates. The lattice mismatch between the substrate and III-nitride film is not 
negligible, resulting in residual strain and stress in the nitride film. The lattice mismatches among 
various III-nitride alloys are also non-negligible. Compressive or tensile strain can be accommodated 
through defect introduction or elastic deformations. The latter modifies the band structure of the 
material. The impact of the strain on the band structure is complicated and beyond the scope of the 
thesis. In short, the following rule of thumb may be applied: The bandgap of the III-nitrides increases 
when the material is under compression since the overlap electron wave functions overlap to a 
further extent. Under tensile strain, the situation is the opposite. The band gap also tends to increase 
with decreasing temperature since the amplitudes of the atomic vibrations decrease, leading to 
larger electron wave function overlap thus increased band gap. [17] 

2.4 Optical transitions and excitons 
The optical properties of intrinsic III-nitrides are determined by the band structure. However, defects 
and impurities also have major influence on the III-nitride optical properties. Photo-luminescence 
(PL) spectroscopy is a non-destructive technique frequently employed in this thesis to characterize 
the optical properties of InGaN QDs. Here we will briefly introduce the reader to the basic excitation 
procedure of PL and the following radiative recombinations which take place. The excitation and 
recombinations of semiconductors are illustrated in figure 7a-e.  

All intrinsic semiconductors are transparent for light with photon energy below the band gap. In PL 
experiments the semiconductor is therefore excited with photons with energy above the band gap. 
When the photon is absorbed by the semiconductor, an electron is lifted from the VB into the CB. 
Since the excitation energy most often is larger than the band gap, the electrons and holes have 
some excess energy in terms of kinetic energy. By emitting phonons, the carriers quickly relax to the 
CB and VB band edges. Once at the band edges, the electron and hole can recombine by a free-to-
free recombination (figure 7(b)), or form a bound state called free exciton (FE) due to the coulomb 
interaction between the carriers. Consequentially the free exciton has lower energy than the free 
electron and hole. The exciton binding energy ( ) is often given as a positive number although it 
lowers the energy of the electron-hole pair. For GaN the exciton binding energy is about 23 meV [18]. 
If the thermal energy ( ) is large enough, the free exciton can dissociate. The free exciton can 
recombine (figure 7(c)) emitting a photon with slightly lower energy than . 

When a free exciton feels the potential of a donor (acceptor) the exciton wave function is relocated 
to the donor forming an exciton complex called donor (acceptor) bound exciton (DBE/DBA). Bound 
excitons tend to dominate the PL spectra at low temperature. The recombination energy of DBE 
depends on the chemical nature of the impurity. Accordingly, PL spectroscopy can be used for 
identification of different impurities in semiconductors. An electron and hole bound to a donor and 
acceptor simultaneously is most often denoted as a donor acceptor pair (DAP).   

Figure 7f shows a typical PL spectrum from a bulk GaN sample with a residual impurity concentration 
less than 1016 cm-3. Here the silicon (DBESi) and oxygen (DBEO) donor bound excitons dominate the 
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spectra. Free exciton (FEA), two-electron transition (TET), and LO-phonon assisted recombinations 
are also visible. Details can be found in reference [19]. 

 

Figure 7: Illustration of radiative recombination processes in semiconductors. a) shows generation of electron-hole pair 
by photon adsorption. b) show free-to-free, c) free-exciton, d) donor/acceptor bound exciton, and e) donor acceptor 
pair. f) Typical PL spectra of low doped GaN. Figure f) was taken from reference [19]. 

2.5 Spontaneous and piezoelectric polarization 
Due to the ionic nature of the III-element and nitrogen bond, the negative (electron cloud) and 
positive charges (nucleus) are slightly displaced in the opposite directions, creating an electric dipole. 
Each bond of the tetrahedral building block described in chapter 2.1, contributes with an equal 
dipole moment. The net dipole moment of the tetrahedral building block equals zero if the all atoms 
form bond angles of 109.5 degrees with respect to each other. A bond angle of 109.5 degrees is 
considered as ideal. However, neither of the III-nitrides forms ideal bond angles. The bond angle 
between the [0001] directed bond and the three remaining bonds are slightly smaller than 109.5 
degrees (actually 108.2 degrees for AlN [20]) thus the [0001] directed dipole moment is not fully 
compensated by the other three oppositely directed dipole moments. The net dipole moment in 
basal plane cancels due to the three fold rotation symmetry around the [0001] axis. Accordingly each 
tetragonal building block contributes with a net dipole moment aligned parallel to the [0001] 
direction. 

The non-ideality of the tetrahedral building block may also be described in terms of lattice constants. 
The wurtzite lattice is ideal (i.e. bond angles of 109.5 degrees) when c0/a0 –ratio equals 1.633. At low 
c0/a0 –ratios (decreased c0 and increased a0), the angle between the [0001] directed bond and the 
three remaining bonds is smaller, yielding lower degree of compensation and therefore stronger net 
dipole moment per tetrahedral building block. 

Figure 8 shows a sketch of a several dipole moments aligned in a crystal. The net dipole moment 
from the interior of the material summarize to zero as indicated by blue ellipses in figure 8. Since the 
wurtzite structure lacks inversion symmetry along the [0001] direction, unscreened dipoles at the 
crystal boundaries are reveled. The unscreened dipoles give rise to polarization induced sheet charge 
on the respective sides of the crystal. To maintain charge neutrality the sheet charge density is equal 
in magnitude but with opposite sign. This sheet charge accumulates in equilibrium lattices without 
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the presence of strain thus is an intrinsic property of the III-nitrides. The effect is therefore denoted 
as spontaneous polarization (Psp) and measures in coulomb/m2. Table 3 shows the spontaneous 
polarization for AlN, GaN, InN. Comparing table 3 with the c0/a0 –ratio presented in table 2 it can be 
seen that as the lattice non-ideality increases, the value of spontaneous polarization also increases. 

 

Figure 8: Schematic of net dipole moment of a wurtzite structure.   

Table 3: Influence of lattice non-ideality on the value of spontaneous polarization in III-nitrides. Values taken from 
reference [21].  

Parameter InN GaN AlN 
Psp (C/m2) 0.032 0.029 0.081 
 

If stress is applied to the III-nitride lattice, the ideal lattice parameters c0 and a0 of the crystal 
structure are modified. Accordingly the polarization strength changes in the material. The additional 
polarization in strained crystals is called piezoelectric polarization which also measures in 
coulomb/m2. As an example, a (0001) oriented pseudomorphically grown AlN/GaN HEMT structure is 
considered. In this example the AlN is under biaxial tensile stress, with an in-plane lattice constant 
fitted to the underlying GaN substrates. Assuming the AlN behaves as a linearly elastic material (true 
for relatively small deformations), the in-plane stretching results in a vertical lattice constant 
reduction. Thus, the c0/a0 -ratio is such circumstances decrease further away from 1.633. The total 
polarization strength of the heterojunction therefore increases as the piezoelectric and spontaneous 
polarization act in the same direction (tensile stress leads to lower compensation degree as 
described earlier). Piezoelectric polarization effects also exists in the [111] direction of III-arsenide 
and phosphide zinc-blende crystals [22]. However, the effect is much smaller due to the low ionicity 
of the group III-element and the group V-element. 

2.6 Consequences of the polarization induced electric field 
The unscreened dipoles at the crystal’s boundaries, gives rise to an electric field crossing the interior 
of the material. When a charge is placed in an electric field, it experiences an electric force. The 
electric force is proportional to the strength of the electric field multiplied by the charge. Due to the 
opposite charge nature of the electron and hole, the built in electric field spatially separate the 
mobile electrons and holes.  

The impact of the spatial separation of the electrons and holes can be explained in the case of a 
(0001) oriented single quantum well (QW). The mobile electrons and holes inside the QW are 
confined and cannot leave the QW since they do not have enough energy to overcome the 
surrounding energy barriers. However, the polarization induced electric force spatially separate the 
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electrons and holes in opposite directions inside the QW, leading to reduced electron and hole wave 
function overlap [23]. Reduced overlap leads to lower interband oscillator strength [24]. The 
radiative recombination lifetime is approximately proportional to the inverse square of the wave 
function overlap [25] leading to enhanced probability of non-radiative recombinations through non-
radiative recombination channels (see paper 4). A shift in the QW transition energy towards lower 
energies which enlarges with the increase of the well thickness is also obtained due to the tilted band 
profile [26]. The spatial separation of the electrons and holes due to the polarization induced electric 
field is commonly denoted as the quantum confined Stark effect (QCSE) [27]. 

A modern (0001) oriented GaN based LED and LD devices, consists of several thin, typically less than 
5 nm, InGaN QWs sandwiched between two n and p –type GaN layers [28]. In such device, the 
photons are generated by electron and hole recombinations inside the InGaN QWs. Accordingly the 
QSCE lowers the luminescence efficiencies of the final device. Over the past decade, the interests of 
LED development on non- and semi polar directions have increased [29][30]. The motivation is to 
overcome the QSCE of those QWs grown on c-plane oriented substrates by growing the QWs on 
planes orthogonal to the (0001) plane. The most commonly used non-polar planes of the wurtzite 
structure are the m and a –planes.  

In figure 9a-b the calculated band structure of a 5 nm GaN QW embedded in an AlGaN matrix are 
shown. The QWs of figure 6a and 6b are located on a) polar and b) non-polar -planes of the wurtzite 
crystal. The hetero structure grown on the non-polar plane have a flat band profile without spatial a 
separation of the wave functions (green lines). The band structure of the polar QW is tilted due to 
the presence of the polarization induced electric field. Figure 9 clearly shows that the wave function 
overlap is smaller for the c-plane oriented QW as described earlier. 

 

Figure 9:  Calculated band profiles and electron and hole wave functions in a GaN/Al0.1Ga0.9N QW grown on a) polar c-
plane and b) non-polar planes. Figures made with inspiration from reference [26]. 

The polarization induced charge is not of harmful for all devices. Figure 10a-b shows a schematic 
drawing of an AlGaN/GaN HEMT structure and its corresponding band diagram. The structure starts 
with a substrate consisting of silicon, sapphire, or SiC followed by a nucleation layer. Most often 
relatively thin (<100 nm) AlN or GaN layer is grown at low temperature (~500 oC) used as nucleation 
layers [31]. In this thesis, we have employed the use of an AlN nucleation layer grown at high 
temperature (~1200 oC). This type of nucleation layer has superior properties in terms of thermal 
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boundary resistance [32] compared to the conventional low temperature grown nucleation layers. 
The substrate and nucleation layer are followed by a ~ 2.0 µm thick GaN buffer layer and a ~ 20 nm 
AlxGa1-xN surface barrier layer. In this type of structure a conducting two dimensional electron gas 
(2DEG) forms at the AlGaN/GaN interface which usually is not thicker than a few nm’s.  

 

Figure 10: Schematic drawing of a) AlGaN/GaN HEMT structure and b) it related band diagram. The notation “SI” stands 
for semi-insulating. 

In an AlGaAs/GaAs HEMT structure the formation of a 2DEG is attributed to redistribution of 
electrons originating from ionized donors in the AlGaAs barrier layer [33]. However, in the 
AlGaN/GaN case a 2DEG forms even though all layers of the HEMT structure were grown without 
intentional doping. The number of electrons in the 2DEG is typically in the 0.3-1.3*1013 cm-2 –range 
depending on the aluminum content of the barrier layer in the GaN/AlGaN case. The explanation for 
this was proposed by Ibbetson et al. [34] where the sheet charge density (ns) (number of electron in 
the channel per cm-2) ascend from donor like surface states of the AlGaN layer. The surface states are 
similar to ordinary donors and assumed to be neutral when not ionized and has ionization energy 
(ED). As explained earlier the unscreened dipoles at the edges of the material cause the band profile 
to tilt. The highest point at of CB is located at the AlGaN surface. If ED is lifted above the Fermi energy 
(EF) of the structure the electrons in the surface states are ionized and transferred to the empty 
states at the AlGaN/GaN interface forming a 2DEG. The band diagram and electron transfer from the 
surface to the 2DEG of an AlGaN/GaN HEMT structure are shown in figure 10b. 
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Chapter 3 Low dimensional structures 
To some extent the optical properties of low dimensional structures have already been introduced in 
Chapter 2.6 when the quantum confined Stark effect was discussed. In this chapter, a more detailed 
description of the physics of low dimensional structures will be given. QCSE effects are neglected. 

A frequently used low dimensional hetero structure is the quantum well (QW). A band diagram of 
QW is shown in figure 11. In figure 11 a material (material A) with a small band gap (Eg,A) is  
sandwiched in between another material (material B) with larger band gap (Eg,B). In such structure 
the electrons and holes have the lowest potential energy in material A, thus mobile electrons and 
holes tend to diffuse to this region. When the thickness of the sandwiched layer (L) is in the same 
order of magnitude as the Bohr radius, the carriers are prohibited to move in one direction which 
causes quantum confinement. The confinement alters the wave functions, thus the electrons and 
holes behave differently in the QW compared to the bulk case. If the thickness of the sandwiched 
layer, L is larger than the Bohr of radius the electrons and holes in material A the electron and holes 
behave similar to the bulk case for material A. Strictly speaking, this is not a QW, but a 2D-hetero 
structure since the electron and hole wave functions are not quantized in material A. 

 

Figure 11: Band diagram of a small band gap material sandwitched in between another material with larger band gap. 

The QW confines the electrons and holes in one dimension. The concept of a small band gap material 
sandwiched between materials with larger bandgap can be generalized in several dimensions. A 
structure which confines the carriers in one and zero dimensions are denoted as quantum wire 
(QWR) and quantum dot (QD) respectively. A sketch showing the different structures is shown in 
figure 12. 

 

Figure 12: Illustration of a) bulk, b) quantum well, c) quantum wire, and d) quantum dot. 
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3.1 Density of states 
For a bulk semiconductor it can be shown that the density of states for electrons (holes) in the CB 
(VB) has a continuous character which increases monotonically with the energy. With increasing 
degree of confinement, the density of states tends to change its continuous character to more 
complex behaviors. Figure 13a-d shows the density of states versus energy for the four structures 
previously dealt with in this chapter. The QW has a step like behavior of the density of states with 
increasing energy as shown in Figure 13b. Further increasing confinement to the QWR structure leads 
to a density of states concentrated around certain energies with a tail on the high energy side (figure 
13c). Finally we end up in a QD with completely discrete density of states where the density of states 
equal zero except for energies with E= E1, E2, …, En (figure 13d).. 

 

Figure 13: Illustration of the density of states for a) bulk, b) quantum well, c) quantum wire, and d) quantum dot. 

Electrons and holes are fermions which obey the Pauli Exclusion Principle. Accordingly each state can 
at maximum be occupied by two particles with opposite spin. Once the lower state of a QD is fully 
occupied, the second best thing for an electron is to occupy the second lowest state and so on. The 
energy spectrum of the QD therefore becomes fully discrete, just like for individual atoms. For this 
reason QDs are often referred to as artificial atoms [35]. 

3.2 Excitons in QDs 
Excitons in QDs are different to excitons of bulk materials since the Coulomb potential is not 
responsible for the electron and hole binding. Instead the electron and hole are bound by a 
confinement potential. In the strong confinement regime, the Coulomb potential can be treated as a 
perturbation to the confinement potential. The perturbation can either be positive or negative thus 
excitons in QDs can have positive or negative binding energies. In the weak confinement regime the 
situation is more similar to the bulk case as the Coulomb potential significantly modifies the wave 
functions of the excitons. QDs can be populated with several 
electrons and holes simultaneously forming exciton complexes. 
Figure 14 shows a QD populated by one electron and one hole, and 
populated by a two electrons and one hole forming a neutral 
exciton (X) and a negatively charged exciton (X -) respectively. The 
additional charge in the X- case interacts with the hole and the 
other electron by its Coulomb interaction. This leads to an energy 
shift of the system in comparison to the neutral case. Exciton 
complexes are beyond the scope of this thesis. Further information 
can be found in for example references [36][37]. 
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Chapter 4 Crystal growth 
In this thesis the crystallization process of GaN and InGaN from a vapor phase was intensively 
studied. Understanding the crystallization process to a full extent is extremely difficult and requires 
rigorous simulations of the entire growth chamber. However, the crystallization process is to a large 
extent governed by the laws of thermodynamics. Thermodynamics alone can predict what can, and 
what cannot happen. This purpose of this chapter is to develop the basic thermodynamic insights 
that can be used to understand the growth employed later in the thesis. Some important kinetic 
effects will also be discussed. The use of thermodynamics is also illustrated in an example consisting 
of InGaN QD growth at a sharp apex. 

4.1 The driving force of the growth 
During vapor phase growth, two phases coexists in a system. First, the solid phase which corresponds 
to a substrate, and secondly a vapor phase containing the atoms to be crystallized. Under non-
equilibrium conditions Gibbs free energy ( ) of the total system vary when atoms transfer from one 
phase to another. The change in  when  atoms move from one phase to another equal ⁄ . 
The total free energy can be split into its two components where  and  are the free energy of the 
solid and vapor phase respectively. The change in  when moving  atoms from one phase to 
another therefore equals: 

  (1) 

where negative sign enters the equation to maintain a fixed number of atoms after the transition. 
The partial derivate of  with respect to  under constant pressure and temperature is such an 
important quantity of thermodynamics that it has been given a name, the chemical potential, and 
represented as . At thermal equilibrium the atoms can move between the two phases without 
causing a change in  [38]. Thus the thermal equilibrium condition may be expressed as . 
However, this is not the case during growth. Instead a deviation from thermal equilibrium is 
established where  reduces when atoms move from the vapor phase to the solid phase. In other 
words the chemical potential of the solid phase must be lower than the chemical potential in the 
vapor phase for growth to occur. The difference in chemical potential Δ  between the different 
phases is defined as the driving force of the growth. In other words: 

 Δ  (2) 
The expression written above for the driving force is incorrect. The correct way of writing it is the 
opposite since driving force should equal the chemical potential of the new phase relative to the 
chemical potential of the old [39]. However, treating a negative driving force is rather inconvenient 
thus the “incorrect” definition above is most often used. The new definition implies that larger 
positive driving forces lead to more thermodynamically energy preferable transitions between the 
phases. 
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For relatively small deviations from thermal equilibrium, it is possible to show that the driving force 
can be written as a function of the supersaturation ( ) and  assuming constant temperature during 
the phase transformation. The supersaturation can be measurable physical terms by vapor pressure 

 and equilibrium vapor pressure  of the solid phase. According to reference [40] we have: 

 Δ 1  (3) 

Where  is Boltzmanns constant. Observe the similarities of equation 3 with the equation used in 
paper 1. 

4.2 Growth modes 
According to Markov [41] the morphology evolution of a film grown at a foreign substrate is directly 
related to how Gibbs free energy of the system changes with increasing film thickness. Markov 
considered the chemical potential of a growing film as a function of the number of deposited mono 
layers (n = 1, 2, 3 ..). With ⁄ 0 every next monolayer of film, has a higher chemical 
potential than the previous one. It is therefore energetically favorable to finish the first layer before 
starting the second and so on. A layer by layer growth sequence is therefore expected. In the 
opposite case ( ⁄ 0 ) the formation of the second monolayer before completion of the 
first is energetically favorable. Accordingly 3D islands nucleates on the substrate. A third alternative 
is also possible, which in fact is a mixture of the previous two. In this case the partial derivate ⁄  
is initially > 0 and accordingly start the growth as layer by layer. However, at a certain thickness, the 
partial derivate ⁄  change sign and therefore transfer the growth mode to island growth.  
Finally, we classify the growth modes depending on how the partial derivate ⁄  change with 
increasing n.  

1. When ⁄ 0 layer by layer growth (Frank van-der Merwe) is achieved. 
2. When ⁄ 0 island growth (Volmer-Weber) is achieved. 
3. When ⁄ 0  a mixture of the previous two (Stranski-Krastanov) is 

achieved. 

The different growth modes are illustrated in figure 15. This classification is identical to the more 
commonly used surface and interface –energies classification first introduced by Bauer in 1958 
[42][43]. 

 

Figure 15: Schematic view of the three types of growth mode.  
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Furthermore Markov et. al. have derived the full expression for  [44]. The function is complex 
and contains for example the interaction energies between the substrate and film, the elastic strain 
energy, and the surface energies of the substrate and film respectively. The partial derivate ⁄  is directly connected to Gibbs free energy as ⁄ ⁄ .  

4.3 Growth of InGaN QDs 
The transition from layer by layer to island growth is directly related to the accumulation of elastic 
strain associated with the lattice misfit between the substrate and the film [45]. The growth 
transition occurs when the thickness of the film overcomes a critical value (tc) for which the material 
is spatially reorganized to a thin layer with protruding islands (SK-islands). While reorganizing the 
material, the strain of the film is partially relaxed, and therefore lowers the transition the overall 
energy of the system. In coherent SK-growth, the critical thickness of SK-transition is lower than the 
thickness for the formation of misfit dislocations. The SK-islands are therefore coherently grown to 
the substrate, as implied by the name. The spatial strain distribution in the 2D-3D system is highly 
inhomogeneous [46]. Figure 16 shows strain schematics over a compressively grown film with 
thickness above tc. The SK-island is relaxed and surrounded by a highly compressed region 
compensating the relaxation of the island. The ring acts as a surface diffusion barrier for growth 
species since the chemical potential of a strained surface is higher than a surface with lower strain 
(see equation 6 & 7). Coherently grown SK-islands are therefore in some sense self-limiting, thus 
homogeneous island sizes are often achieved [46]. 

 

Figure 16: Strain sketch in a coherently grown Stranski–Krastanov quantum dot. From reference [46]. 

In the previously described picture, the initial layer by layer growth mode represents a metastable 
growth, and the latter island growth represents a situation closer to thermal equilibrium. This implies 
that the SK-transition can be seen as phase transition from a phase with high chemical potential to 
one with lower. Consequentially the island can keep growing after the transition without further 
material supply simply by depleting the wetting layer. [45] 

InGaN QDs can be grown by the Stranski-Krastanov (SK) growth mode on a GaN substrate 
[46][47][48]. However, coherently strained islands are not necessarily formed, since a network of 
misfit dislocations is believed to partially release the strain energy [24][46] as shown for InN/GaN 
case [49]. Since InGaN have lower band gap than GaN, a 0-dimensional QD, with discreet energy 
states is achieved if the structure is (1) small enough, and (2) capped by another wide band gap 
material such as GaN. The wetting is usually not thicker than a few monolayers [50]. The density of 
the QDs can be controlled by adjusting the growth parameters [48]. 
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Growth of InGaN QDs by SK-growth mode is one successful approach reported in the literature. 
Spinodal decomposed InGaN QWs resulting in indium rich clusters (QDs) have also been reported 
[46][51][52]. Spinodal decomposition is a kinetic mechanism where a solution of two or more 
components with a miscibility gap separates into its components. We explain the mechanism 
through an example consisting of an alloy with two components. Gibbs free energy versus the alloy 
composition is shown in figure 17. Suppose that the alloy has composition x0 and fully solvable at a 
high temperature, and then quenched to a lower temperature . The composition will initially be 
the same as in the fully solvable alloy, and Gibbs free energy will be  on the ,  -curve of 
figure 17. This alloy is unstable since small fluctuations in the composition causes Gibbs free energy 
to decrease (common tangent rule). At this point “uphill” diffusion will occur (indicated by red arrows 
in figure 17) thus causing A and B rich regions in the alloy. However, if the point  on the ,  -
curve the lies outside the spinodal region, the resulting alloy is metastable since small variations of 
the composition lead to an increase in  (common tangent rule). The global minimum of Gibbs 
energy is located at composition XA and XB. However, this state is inhibited by the diffusion barriers of , ’s concave regions. [53] 

 

Figure 17: Illustration showing spinodal decomposition.  

The calculated maximum solid equilibrium solubilities of InxGa1-xN and GaxIn1-xN as a function of the 
temperature are shown in figure 18a. Figure 18a shows that solubility of indium in GaN is 
approximately 5% at a typical growth temperature of 800 oC [54]. In figure 18b a calculated phase 
diagram of InGaN is shown. The phase diagram should be interpreted in the following way [53]: 

• Region C: Phase A and B are fully solvable. 

• Region D: Coexistence the A and B phase in the film. 

• Region E: Unstable, and there is no thermodynamic barrier to grow a new phase. Spinodal 
decomposition occurs. Compare with gray region in figure 17. 

Vapor phase growth of InGaN alloys is prohibited at high growth temperatures (above 800 oC) due to 
the high vapor pressure of InN. Accordingly large portions of the phase diagram in figure 18b are not 
practically exploitable. 
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Figure 18: a) maximum solubility of a GaN in InN (red) and InN in GaN (green). Phase diagram of InGaN alloy. Figures 
made with inspiration from reference [54].  

Spinodal decomposition of InGaN still is a controversial issue since there is experimental evidence 
[55] for that InGaN can be grown over the full composition range. This disagreement can possibly be 
explained by residual strain in the InGaN layer caused by the substrate. The spinodal decomposition 
region for a pseudomorphic grown InGaN film was calculated in reference [46].The results show a 
larger instability region (region E in figure 17b) of the relaxed material. One may therefore not 
neglect the spinodal decomposition effect of coherently SK-grown InGaN QDs as the strain relaxation 
of the island will enhance the spinodal decomposition effect. It has also been found that InGaN alloys 
grown far away from the thermodynamic equilibrium conditions (in this case high growth rate) 
promotes the growth of a single phase InGaN [56].  

4.4 Crystal shape 
The equilibrium shape of the crystal can be determined by minimizing the total surface energy 
subjected to the restriction of constant volume. For example, the resulting equilibrium shape of a 
completely isotropic media would result in a perfect sphere. On the other hand, surface energy 
anisotropies of different crystallographic surfaces for leads to different equilibrium shapes of the 
grown crystal. Expressed mathematically, the condition of the equilibrium shape is 

  (4) 

where  and  is the surface area and surface energy of an area with index k. The definition of 
surface energy is the work required to increase the surface area of a substance by a unit area 
( ) where the energy derives from the unsatisfied bonding potential of atoms at the surface 
compared to the bulk [57]. An equivalent problem can also be expressed in terms of the driving 
force. By the alternative approach, the equilibrium shape of any crystal is reached when ∆  reach the 
same value over all crystal surfaces. More specifically, the equilibrium condition can be written as 

 ∆  (5) 

Where,  and  are the surface energy of surface k and the shortest distance between the Wulff 
point to surface k. The shortest distance between the Wulff point and the surface is always 
orthogonal to any vector in the surface. The Wullf point can be chosen at an arbitrarily point, since it 
is always possible to expand the crystal size to such extent (while keeping the same aspect ratio) that 
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it becomes centralized in the crystal. Figure 19 shows a sketch 
over a “pyramid like” free standing crystal. All III-nitrides are 
polar crystals, hence the surface energies of all bare polar 
surfaces are infinite, or at least very large for finite crystals [58]. 
Thus the polar surfaces inevitably reconstruct or adsorb 
additional charge. The absolute surface energies of the 
reconstructed GaN surfaces have quantitatively not been 
determined which limit the usage of equation 5. In addition to 
the energetics, the kinetics also plays important role in 
determination of the crystals equilibrium shape. The growth rate 
of a crystal surface is dependent upon the anisotropy kinetics of 
surface processes such as adsorption, desorption, number of available sites, defect assisted 
nucleation, and surface diffusion. In such a case, a kinetic Wulff or v-plot can be used to predict the 
shape of a crystal [59][60]. In the literature, several kinetic Wulff plots have been published by 
independent groups. However, equation 5 still provides fundamental insights of 3D growth, and 
stable, low surface energy surfaces, are visible post growth. [61] 

4.5 Selective area growth 
Selective area growth (SAG) or selective area epitaxy (SAE) is a controlled way of depositing material 
in a well defined area on a substrate. In III-V semiconductor SAG by MOCVD this is achieved by the 
use of a dielectric mask normally consisting of either silicon-nitride (SiN) or silicon-oxide (SiO) with 
patterned openings. The mask can be patterned in a controlled way by the use of modern photo-
lithography and selective etching procedures which are mature standardized techniques in the 
integrated circuit (IC) industry. During the past decade, SAG have been theoretically and 
experimentally studied in several material systems such III- arsenides [62], phosphides [63], and 
nitrides [64][65]. 

Under ideal SAG conditions no growth occurs at the masked region since the adatoms lack wetting at 
the mask. In the mask openings on the other hand the precursors are consumed as they are 
incorporated in the crystal. This gives rise to lateral adatom concentrations gradients over the 
substrate, which leads to a growth rate enhancement (GRE) at the mask openings. Moreover the GRE 
is caused by a combination of vapor and surface diffusion. The GRE caused by caused by surface and 
vertical vapor phase –diffusion is often denoted as migration from masked region (MMR) and lateral 
vapor diffusion (LVD) respectively. There is also a vertical vapor diffusion (VVD) growth contribution. 
Please note that the VVD effect does not contribute to a growth rate enhancement as it is considered 
as the part which provides the normal growth velocity. Once the adatoms reach the window opening 
and nucleate, the crystal shape is determined by equation 5, under the assumption that the growth is 
performed sufficiently close to thermal equilibrium. In the growth of (0001) oriented GaN pyramids, 

the {1101} facets appear in hydrogen rich conditions. The supply mechanisms of SAG are illustrated 
in figure 20. The MMR effect is of particular importance at the edge of the growth window as shown 
in figure 2 of paper 5 where a clear GRE of the InGaN QW at the bottom of the pyramid is observed. 
Often the MMR and LVD lead to edge growth as illustrated in figure 20.  

Figure 19: Crystallite with five facets. 
The equilibrium shape is obtained when 

 . 
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Figure 20: Illustration of source supply mechanisms of SAG.  

Several groups have modeled the GRE in mask openings as a function of the mask geometry by 
calculating the adatom concentration profile in the vapor phase and on the surface [63][66]. To do 
this, one solves the Laplace equation for diffusion with appropriate boundary conditions. The most 
simple and studied system consists of infinitely long equidistant stripes with width (W0) and stripe 
distance (Wm). In figure 21 qualitative results of such simulations are shown. Here the normalized 
growth rate, or GRE are calculated with constant W0 and varying Wm. When Wm is small, the MMR 
effect dominates the GRE. The LVD becomes dominating at larger Wm.  

 

 

Figure 21: Schematic drawing of mask width dependence on the GRE (solid line). Decoupled LVD and MMR effects are 
also shown. Figure made with inspiration from reference [63]. 

4.6 Growth of hexagonal GaN pyramids by SAG 
Figure 22 shows an atomic force microscope image of a (0001) truncated hexagonal GaN pyramid 
which was grown at a growth temperature of 1060 oC, 6 standard liters per minute (SLM) of 
ammonia (NH3), and a growth time of 10 minutes. The other growth parameters were identical to the 
ones used in paper 1. From the AFM scans in figure 22 it is clear that the pyramid was grown by 
columnar growth mode. The approximate average diameter is a few hundred nm. The columnar 
growth mode is a type of Frank van-der Merwe growth, assisted by either 2D nucleation [67] or 
screw dislocations giving rise to spiral growth [68]. The grain boundaries of the columns are 
energetically inefficient regions which gradually are eliminated for the core as the pyramid gains 
height. Thus the proceeding InGaN QDs are most likely nucleated at a relatively flat region provided 
that the apex region is smaller than the typical column diameter. It is noteworthy that the columnar 
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VVD

Edge growth
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growth mode was suppressed when the NH3 flow was reduced to 2 SLM. The corresponding AFM 
scans with lower NH3 flow are shown in figure 4 of paper 1. 

 

Figure 22: a) 5x5 µm AFM scan over (0001) truncated pyramid, and b) 1x1 AFM scan at the (0001) truncation area of the 
pyramid. 

4.7 The surface chemical potential  
In the previous chapters, the chemical potential of two phases was studied. In this chapter chemical 
potential variation along a non-homogenous surface is treated. In similarity to the previous chapters 
gradients in the chemical potential causes atoms to migrate from regions of high-chemical potential 
to those of low. The spatial variation of the chemical potential  over a curved and strained 
one dimensional surface can be written as [69][70][71]: 

 ∞ Ω (6) 

where ∞, , , , and Ω are the reference bulk-chemical potential of the grown layer, the 
strain energy density, the curvature of the surface, the surface energy per area unit, and the atomic 
volume respectively. The curvature is defined as positive if the surface is convex. The physical 
interpretation of equation 6 is relative straight forward. The strain energy density enter the equation 
since mechanical work is required stain a unit cell with lattice constant a0 to a substrate with lattice 
constant b0 which translates to higher chemical potential. The curvature also enters the equation 
since a convex curved surface has slightly lower dangling bond density compared to a flat or concave 
surface, which also translates to higher chemical potential. For ideally solvable ternary alloy, an 
additional term enters equation 6. The full expression therefore yields: 

 ∞ Ω  (7) 

The last term is the entropy of mixing which is dependent of the spatial composition of the ternary 
alloy ( ). Note that the last term always is negative since the ternary composition varies in 
between 0 and 1, and decrease as  approaches zero. This means that wherever a local 
compositional change takes place, a gradient of chemical potential tend to contrast this unbalance. 
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4.8 Growth of InGaN QDs at a sharp apex 
In paper 4 the growth mechanism of InGaN QDs which gave rise to sub-meV emission lines in the µPL 
spectrum on top of GaN pyramids was studied. It was concluded that the InGaN QDs which gave rise 
to the sharp emission lines, nucleated on a (0001) truncated pyramid. In addition to this, we found 
that the QDs do not nucleate at pyramids with sharp apexes. This result may have been caused by 
non-optimized growth conditions leading to incorrect QW InGaN thicknesses (as shown in paper 4). 
However, from a thermodynamically point of view, it can be shown that a sharp apex is a non-
preferred nucleation site for an InGaN QD. First we will show some supplementary experimental data 
showing that the QDs preferentially did not nucleate in our system. This is followed by a 
thermodynamic analysis. 

4.8.1 Results 
To investigate the (0001) truncation area impact on the QDs, three samples denoted as sample A, B, 
and C were grown with varying growth time of the hexagonal GaN pyramid. Detailed growth 
description of the samples is available in paper 4. Sample A, B, and C was grown for 14, 17, and 20 
minutes respectively. The growth time of the pyramids directly affects the (0001) truncation area 
(see paper 1). Local variations of the growth rate occurred, resulting in a mixture of (0001) truncated 
and nominally sharp pyramids on all investigated samples. On average the diameter of the truncated 
area (full structure, including GaN-cap) was roughly 750, 100, and < 100 nm for sample A, B, and C 
respectively. The pyramids were grown in the zero-adsorption regime (paper 1) thus the “bare” GaN 
pyramids had nm scaled radii prior the InGaN growth when the growth time was long enough  (see 
figure 5 in paper 1).  

A statistical analysis consisting of approximately 800 correlated SEM images and µPL spectra was 
analyzed. To simplify the statistical analysis, we considered a binary system, where either a (0001) 
truncation area was visible in high magnification SEM pictures or not (independent of the truncation 
area). This condition roughly transfer to that the apex diameter is less than 100 nm. A similar binary 
system was introduced for the pyramids luminescence properties where the pyramid either showed 
sharp, or no sharp emission in the µPL spectra (independent of wavelength, intensity and the 
number of peaks). We considered the emission as sharp if the luminescence peak in the µPL spectra 
had a FHWM less than 5 meV. Broader peaks, originating from pyramid sidewalls etc. were therefore 
discarded in the analysis. The results of the statistical survey are summarized in table 4.  

Table 4: Statistical summary of 800 hexagonal GaN/InGaN/GaN pyramids. 

Sample 
name 

Average 
truncation 

diameter (nm) 

Percent 
of 

truncated 
pyramids 

Percent of 
pyramids 

showing sharp 
features in µPL 

spectra 

Probability of 
forming a QD 

when the 
pyramid is 
truncated 

Probability of 
forming a QD 

when the 
pyramid looks 

sharp 

A 750 90% 45% 0.46 0.27 
B 100 9% 23% 0.47 0.21 
C < 100 3% 9% 0.21 0.1 

 

In column 4 of table 4 the percentage of hexagonal GaN/InGaN/GaN pyramids showing sharp 
emission lines in the µPL spectra for sample A, B, and C are shown. The sharp emission yield 
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significantly drops from 45 (sample A) to 9 % (sample C) as the growth time of the preceding 
hexagonal GaN pyramid increases from 14 to 20 min. The result also applies within the interior 
boundaries of all of the examined samples as the probability of finding sharp luminescence on a 
truncated pyramid (column 5 of table 4) is larger than finding sharp luminescence from a pyramid 
which appear sharp in high magnification SEM pictures (column 6 of table 4). The sharp feature yield 
is roughly doubled if a small (0001) truncation is visible on post growth high magnification SEM 
pictures for all investigated samples. 

The statistical survey in combination with the AFM results in figure 3 of paper 4 provides convincing 
evidence for that the QDs formation preferentially takes place at a (0001) truncated pyramid. In 
addition, the results also show the QDs giving rise to narrow emission lines preferentially do not 
nucleate on sharp pyramids as the probability of finding QDs emission from pyramids which appear 
sharp in post-growth SEM pictures decrease from 0.27 to 0.1 on sample A and sample C (column 6 of 
table 4). Even though sample A had pyramids which appeared sharp in the post growth SEM pictures 
it is most reasonable to assume that sample C generally had smaller apexes as a consequence of the 
prolonged growth time of the preceding GaN pyramid.  

4.8.2 Thermodynamic analysis of the system 
Pyramids have convex apices. Accordingly the term  of equation 6 and 7 is larger than zero at 
the pyramid apex. In the absence of lateral strain and compositional -variations the local chemical 
potential has a maximum at the apex of the pyramid, which provides a driving force  for adatom 

migration away from the apex of the pyramid towards the flat surrounding {1101} facets. The 
situation is therefore fundamentally the opposite in comparison to the growth mechanism of for 
example InGaAs QDs in inverted GaAs pyramids where the adatoms migrate towards (into) the 
inverted pyramid. The strain energy density of the InGaN film can be estimated by: [72] 

 2 11  (8) 

where G, , and f are the shear modulus, passions ratio and f  the lattice misfit between InGaN and 
GaN respectively. Several reports have consistently shown that nanoscale growth of heteroepitaxial 
InGaN possesses significantly lower strain energy density compared to 2D grown InGaN 
[73][74][55][75]. As a consequence we expect the strain energy density around the apex of the 
pyramid to be significantly lower in comparison with a 2D grown InGaN film on GaN. For simplicity 

we assume the strain energy density at the apex of the pyramid to be zero. At the {1101} pyramid 
sidewall on the other hand the geometry is 2D-like thus a considerable amount of strain may 
accumulate in the InGaN QW. Assuming a pyramid apex curvature of 1 · 10 , an indium 
fraction of 0.1 of the surrounding {1101} InGaN QW and QD, and by the use of other appropriate 
interpolated material constants [76] the chemical potential difference between a point right above 

the apex of the pyramid and a point at the flat surrounding {1101} pyramid sidewall (i.e. µ(relaxed 
apex) - µ(strained flat)) is determined to be roughly 150 meV/atom. The different positions of the 
structure are illustrated in figure 23.  
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Figure 23: Illustration of adatom migration near apex of pyramid.  

The impact of the strain energy is relatively small at an indium fraction of 0.1 as the product Ω yields 
roughly 5 meV/atom. However, the quadric dependence of the lattice misfit in equation 8 leads to 
rapid increase of strain energy density as the indium fraction increases. When neglecting the entropy 
of mixing term, a character switch in the chemical potential difference takes place when the indium 
fraction of the surrounding QW is above 0.6. In such scenario indium is expected to cluster around 
the edges and at apex of the pyramid. Indium accumulation at apex and edges of the pyramid have 
earlier been reported [74][75]. No sharp emission of QDs was observed in reference [74][75]. 

The chemical potential difference of 150 meV/atom can be compared with the driving force 
crystallization from equation 3. In vapor phase epitaxy the supersaturation ( ) usually varies 
between 0.5 – 2.0 [77] which yields approximately 30 – 120 meV/atom. Accordingly the driving force 
away from the apex is comparable to the driving force of the phase transition i.e. there is a reduced 
probability to form an InGaN QD at pyramid apex. The results are based assumption that the apex 
curvature is extremely small (we have confirmed that the radii is less than 3 nm in paper 1). 
However, the analysis still provides an insight to the fact that the pyramid apex is a non-preferred 
nucleation point for a QD. 

In addition, the surface flux J in the presence of a varying chemical potential is given by the Nernst-
Einstein relation: 

  (9) 

where n is the surface density of adatoms, Ds the surface diffusion coefficient and ds an infinitesimal 
surface arc length along the surface. The migration lengths of the group III-atoms on the mask and 
their diffusion lengths in the vapor phase are ordered In>Ga>Al [78][79][63]. The mobility of indium 
containing growth species is therefore more susceptible to chemical potential gradients than gallium 
precursors. Accordingly it is more difficult to form an indium rich apex as the indium tends to migrate 
easier away from the curved region in comparison to gallium. A similar model was applied for the 
growth of AlGaAs QDs on inverted pyramids. The model predicted growth rate and composition of V-
groove self-limited AlGaAs profiles very well [80][69]. 
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Chapter 5 Experimental methods 
This thesis is an experimental study of QDs. Before we go into the results, it is worthwhile to explain 
some of the experimental techniques used in the thesis. We will start by explaining the crystal 
growth equipment used and then go into the details of the characterization tools. 

5.1 Metal organic vapor phase deposition (MOCVD) 
The most established growth method of semiconductors is chemical vapor deposition (CVD). The 
reason why CVD is so established for the growth of semiconductors is because the precursors which 
contain the atoms for the grown crystal, can be purified to a very high extent in comparison to solid 
sources used in for example physical vapor deposition (PVD) and molecular beam epitaxy (MBE). In 
semiconductor growth the purity of the precursors is of uttermost importance as the resulting 
semiconductor crystals ability to conduct electric currents are determined by its impurities. In this 
thesis, a growth method called metal organic chemical vapor deposition (MOCVD) was adopted. In 
MOCVD metal-organic precursors are used. In CVD any type of molecule based precursor could in 
principle be used thus MOCVD is a specific type of CVD. In MOCVD growth of the III-nitrides 
precursors like ammonia (NH3), trimethyl-gallium (TMGa or (CH3)3Ga), trimethyl-aluminum (TMAl or 
(CH3)3Al), and trimethyl-gallium (TMIn or (CH3)3In) are most often used. 

In figure 24 a horizontal CVD system is illustrated. Vertical configurations also exists but will not be 
discussed here. First a carrier gas is inserted in the gas pipes. An inert gas like argon, helium, or 
nitrogen is always chosen. The carrier gases are inserted to “carry” the precursors and stabilize the 
conditions inside the hot zone. Most high purity semiconductor CVD reactors have two pumps, one 
process pump which enable sub atmospheric pressures during the growth, and a turbo molecular 
pump that is used to evacuate the rector prior the growth. It is important to evacuate the growth 
chamber prior to the growth since residual impurities in the atmosphere (H2O, N2, O2) which are left 
in the reactor may unintentionally dope the grown material. 

 

Figure 24: Schematics of a horizontal CVD process with substrate rotation. 

Once the precursors have entered the hot zone they thermally decompose into radicals. Some 
radicals land upon the substrate and build up the crystal. However, the majority of the precursors are 
flown through the reactor without contributing to the growth. The hot zone is heated by the 
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susceptor and its design varies from reactor to reactor. In a cold-wall susceptor the substrate is 
heated from one side only, leading to large temperature gradients inside the hot zone. In a hot-wall 
susceptor the substrate is heated from all sides simultaneously leading to lower temperature 
gradients, more efficient cracking of the precursors, and less bowing of the substrate. In order to 
prevent the quartz tube from melting, the susceptor is thermally insulated by a graphite foam. In our 
hot-wall MOCVD reactor at LiU the susceptor is inductively heated by the Joule effect. The currents 
are induced by radio frequency (RF) AC currents by a coil (RF-coil) wrapped around the susceptor. 
The susceptor consists of tantalum carbide (TaC) coated graphite. The system is equipped with a gas-
foil-rotation (GFR) system which enables satellite/substrate rotation during the growth. In figure 25a-
b the III-nitride MOCVD system at LiU and a half-assembled susceptor consisting of two sidewalls, a 
cassette, a satellite, and a bottom part are shown. In this susceptor configuration, the satellite is 
positioned inside the cassette. The cassette is a removable part and used for the sample loading. In 
paper 7, pyrolitic boron-nitride (PBN) stripes were inserted between the sidewalls and the roof or 
bottom part. By doing this, we have eliminated the arcing problem between different susceptor 
parts. As a consequence, the reactor gained run-to-run reproducibility.  

 

Figur 25: a) Hot-wall MOCVD system at LiU and a half-assembled hot-wall susceptor. 

The way from precursor to film are complex but can roughly be divide into five separate processes 
(figure 26): 

1. Precursor cracking followed by vapor phase reactions 
2. Diffusion of the reacting species to the substrate surface 
3. Adsorption at the surface 
4. Surface diffusion 
5. Evaporation or incorporation of the adsorbed species, preferably at kinks or steps 

The growth rate of the crystal is limited by the slowest processes among the five mentioned ones. If 
process number 2 is the slowest one, the process is often called diffusion limited. Diffusion limited 
growth is a type of mass transport limitation thus the growth rate increase if one manages to 
transport more reactants to the surface. Laminar flow CVD systems are often diffusion limited when 
high temperature growth is adopted since the reactants have to diffuse through a boundary layer of 
slowly moving gas caused by a viscous drag. Our MOCVD process for the growth of hexagonal GaN 
pyramids around 1000 oC is no exception (see paper 2). 

a) b)
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Figure 26: Schematics of vapor phase reactions and transport properties of thin film growth. 

CVD is a truly multidisciplinary growth technique which involves chemistry, diffusion, flow dynamics, 
thermo dynamics, surface science, induction heating, and vacuum technology. Deep understanding 
of the epitaxial processes is not easily achieved and requires rigorous simulations. 

5.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is used to study surface topographic features. In terms of 
resolution the SEM is much better than a conventional optical microscope but cannot compete with 
the transmission electron microscope (TEM). However, SEM is very easy to use and requires barely 
any sample preparation in contrast to the rigorous preparations required for high resolution TEM. 
The combination of high performance and simplicity has made it a very common instrument in both 
industrial and research environments.  

 The basic principle of SEM is that a focused beam of electrons (primary beam) are scanned over the 
surface while a detector registers electrons which have interacted with the sample at every pixel of 
the image. To produce an image the detector signal is synchronized to the primary beam position. 
Secondary electron detection is the most commonly used contrast mode for topological 
investigations. In secondary electron detection –mode a maximum resolution of approximately 0.5 
nm can be reached. However, this value varies drastically from sample type to type and is highly 
dependent on the topography and conductivity of the investigated sample. The electrons of the 
primary beam usually have energies in the 5 – 30 keV range. When electrons with such high energy 
enter and interact with a solid material, various inelastic scattering processes cause energy loss of 
the electrons. Phenomena such as core-level ionization, secondary 
electron emission, and auger electron emission are well known in 
SEM literature. Figure 27 shows an illustration of a primary beam 
entering a sample. The volume in which the electrons undergo in-
elastic scattering is pear shaped and penetrates a few µm and is 
usually denoted as electron interaction or excitation -volume. The 
penetration depth has a direct relationship to the primary beam 
energy and high energies implicate deeper penetration depths. The 
electron interaction volume is of uttermost importance in electron 
beam based spectroscopy techniques. In worst case scenario the 
detector can register a signal originating from a spatially remote 
position of the sample and then synchronize the signal to the beam 
position.  

By definition secondary electrons leave the sample with energies within the range of 0-50 eV. 
Electrons in this energy range ascend from a volume very close to the sample surface (< 5 nm). 

Figure 27: Illustration of electron 
interaction volume SE denotes 
secondary electrons. 
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Therefore the secondary electron mode is suitable for topology investigations. In energy dispersive x-
ray spectroscopy (EDX) the emitted x-rays from the interaction volume are investigated. The x-rays 
carry a chemical fingerprint of the atoms present in the sample. Electrons in the primary beam can 
also undergo elastic scattering processes where the kinetic energy of the electrons is conserved. 
Imaging techniques based on elastically backscattered electrons do not only provide topographic 
information of the sample but also chemical information since large mass number atoms have higher 
backscattering probability (see equation 10) than smaller atoms. [81] 

In this thesis SEM was frequently adapted to characterize the size of the hexagonal GaN pyramids 
(paper 1 & 2). The SEM images of the pyramids usually had a white contrast around its edges, and 
particularly at the apices. The secondary electron escape probability at the edges is higher in 
comparison to planar regions due to the relatively high surface/volume ratio. It has nothing to do 
with charging which some people often state loosely.  

5.3 Scanning transmission electron microscopy (STEM) 
Transmission electron microscopy (TEM) is a microscopy technique where a beam of electrons is 
transmitted through a thin sample which interacts with the electron beam as it passes through. The 
TEM image resolution exceeds the SEM resolution and individual atoms can often be resolved. 
However, high resolution TEM samples require massive work in terms of sample preparation since 
the sample has to be thinned down to only few nm’s so the electrons can pass through the sample 
without undergoing to many scattering events. The TEM consists of an electron gun and a set of 
magnetic lenses which focus the electrons before reaching the sample. Once at the sample, the 
electrons form a nearly perfect planar wave. When the electrons interact with the sample, they 
undergo scattering processes. Different scattering processes are used for different imaging 
techniques. At low magnifications the density/thickness -contrast dominates as the atoms in the 
sample act as absorbing/scattering centers for the electron beam. Thin specimens or low density 
regions absorb fewer electrons and accordingly these regions will appear bright on a fluorescent 
screen positioned behind the sample (and thereby given the name bright field TEM mode). Other 
common contrast mechanisms of TEM are diffraction, phase, and Z-contrast.  

Scanning transmission electron microscopy (STEM) is another TEM mode. In the STEM mode a 
focused electron beam (<1nm) is scanned over the specimen. High angle annular dark field (HAADF) 
detectors forming a wide angle to the primary beam line are often used in STEM mode. The HAADF 
detector measures the intensity of high angle elastically scattered electrons of the sample (Z-
contrast). The number of scattered electrons depends on the local scattering power in the sample 
which is given by the following equation: 

  (10) 

Here  and  are the atomic mass number and specimen thickness respectively. Similarly to the 
secondary electron mode in SEM the recorded intensity at the HAADF detector is synchronized to the 
electron beam position to produce an image. For every pixel scanned an EDX spectra can be recorded 
and used for compositional analysis on the nm scale. Since STEM samples usually are relatively thin, 
the problem with large electron interaction volumes described in the previous chapter is eliminated. 
[82] 

~
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In figure 28 STEM HAADF and EDX images of an InGaN QW located at the {1101} facet of a hexagonal 
GaN pyramid are show. Indium atoms are heavier than gallium atoms thus the InGaN QW region 
appears bright in comparison to the surrounding GaN matrix in the STEM HAADF image. 

 

Figure 28: STEM HAADF image and indium (In) and gallium (Ga) –EDX mapping of an InGaN QW located at the {1 01} 
facet of a hexagonal GaN pyramid.  

5.4 Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) is one among many other techniques that utilizes a physical probe to 
extract information from the sample. All probe based techniques are classified under a microscopy 
branch called scanning probe microscopy (SPM). SPM instruments construct an image by scanning 
the probe line by line along the surface. Provided that the probe tip is small enough, a very high 
spatial resolution can be achieved. Scanning tunneling microscopy (STM) is probably the most 
famous SPM technique. The STM was developed by Gerd Binnig and Heinrich Rohrer in the early 
1980s. They were later awarded with the Nobel Prize for Physics in 1986 for their efforts on the STM. 

More specifically AFM is used to extract topologic information from a sample surface. No particular 
sample preparation is needed provided that the sample surface is clean. AFM can be operated in 
several modes. In contact mode AFM the probe has physical contact with the sample and is dragged 
along its surface. In this mode there is a risk for sample and/or tip –damage. In addition the probe is 
easily contaminated by loose particles lying on the surface. In non-contact mode, the probe is kept at 
a constant height above the surface only interacting with the substrate through Van der Waals 
forces. In tapping mode, the probe oscillates and taps the surface at a frequency of a few hundred 
kilo hertz meaning that it is in contact with the surface for short periods. In this thesis, tapping mode 
AFM was used. 

An AFM system is schematically shown in figure 29a. A solid state laser is focused at the probes 
backside and reflected into a photo detector which consists of two closely spaced photodiodes. 
When the probe is scanned along the sample surface the probe moves up and down. The angular 
displacement of the probe makes one photodiode register more laser intensity than the other. Probe 
displacements on the Ångstöm scale can be detected if the detector is positioned a few centimeters 
from the probe. The laser, photo detector, and probe are attached to a scanner head which can be 
moved precisely by applying a voltage over a piezoelectric crystal. Figure 29b shows an example of a 
10x10 µm tapping mode AFM image performed on 4H-SiC substrate. Clear atomic steps with step 
heights corresponding to the 4H-SIC unit cell are resolved. [83] 

20 nm

HAADF EDX-GaEDX-In

20 nm20 nm
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Figure 29: a) schematics of AFM setup. b) 10x10 µm scan of a 4H-SiC substrate. Figure b) taken from reference [83]. 

Photo and cathode –luminescence (PL & CL) 
In luminescence spectroscopy the sample is excited and de-excited accompanied by the emission of 
photons. The photon emissions are collected by a detector and analyzed to get detailed information 
about the electronic structure of the sample. The luminescence properties of bulk semiconductors 
and low dimensional structures were discussed in chapter 2.4 and 3.2 respectively. Luminescence 
spectroscopy techniques are classified by its excitation source. In photoluminescence (PL) a laser is 
employed while cathode luminescence (CL) utilizes an electron beam. In electro luminescence (EL) 
electrons and holes are injected by an electric current. 

PL and CL are non-destructive techniques which do not require any special sample preparation. 
However, to resolve narrow emission lines in the spectra (as shown in figure 7b) the sample must be 
cooled to cryogenic temperatures. Liquid nitrogen and helium are often used in combination to cool 
the sample to few degrees above the absolute zero point. The sample is positioned in a container 
(Cryostat) which either are filled with liquid helium (helium bath) or attached to a metal bar (cold 
finger) which continuously are cooled by liquid helium. Our PL cryostat has a cold finger design and is 
equipped with a heater and an automatic liquid helium flow controller which enable precise 
temperature control up to room temperature. For CL measurements the cold finger cryostat is the 
only design available as the primary beam require a vacuum environment. In figure 30 a micro-PL 
(µPL) setup is schematically shown. A µPL setup is very similar to conventional PL setups except for 
the fact that the laser is focused through an objective in order to increase the lasers spatial 
resolution at the sample surface. The sample luminescence is later collected by the same objective 
and guided to the monochromator. Under optimized conditions the laser spot of a 266 nm laser can 
be focused down to a spot size less than 1 µm in diameter. 

 

Figure 30: Illustration of the µPL setup. 
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The µPL setup consists of four main parts, a laser source, a cryostat, a monochromator, and a 
detector. In conventional PL (or µPL) the excitation source consists of a laser with photon energy 
larger than the band gap energy ( ) of the investigated sample. Excitation sources with energies less 

than  are also be applied in other PL techniques such as PL excitation (PLE) but will not be 

discussed here.  

The monochromator selects the photon detection energy of the luminescence. Our monochromator 
consists of a set of mirrors and gratings with variable amount of grooves per mm which disperses the 
collected luminescence spatially (compare with a glass prism). The dispersed luminescence is led to 
the detector which is a 1D silicon charge-coupled device (CCD) detector. The CL systems detector is a 
photomultiplier tube (PMT). A typical PMT consists of a photocathode followed by electron 
multipliers and an anode. When the luminescence hits the photocathode, electrons are emitted and 
accelerated towards the first multiplier. When the electrons hit the multiplier secondary electrons 
are emitted from the multiplier and accelerated toward another multiplier and so on. Finally the 
electrons collide with an anode which records the electrons as an output signal. The major drawback 
of the PMT is that only one wavelength can be recorded at a time.  

Polarization dependent µPL measurements are frequently adopted in the thesis. For those 
measurements a fixed linear polarizer and a rotatable half-wave retardation plate was inserted in the 
beam line before the objective. A linear polarizer only transmits light with a specific polarization 
vectors as shown in figure 31 and the rotatable half-wave retardation plate rotates the 
luminescence. When a polarizer is used to determine the polarization vector of the luminescence, 
the half-wave retardation is turned 360o around it own axis. The polarization direction is given at the 
angle where the maximum intensity after the linear polarizer was recorded. [84] 

 

Figure 31: Illustration of a linear polarizer removing light with unwanted polarization. 

The spatial resolution of a µPL setup is mainly determined by the magnification of the optical 
objective inserted in the beam line. The ultimate spatial resolution is set by the diffusion length of 
the excited carriers. CL spectroscopy is typically performed in situ of an SEM system where the 
primary beam can be focused to nm size. However, as the electron beam enters the sample it 
undergoes various scattering processes as described in Chapter 5.2. One should therefore be careful 
when interpreting spatially resolved CL intensity maps as the emissions recorded at the detector may 
originate from another part of the sample. In spatially resolved CL spectroscopy the sample is 
bombarded with large amounts of electrons. This can affect the results of the CL measurement.  

In figure 32a low temperature µPL and CL spectra of two hexagonal GaN/InGaN/GaN pyramids are 
shown. All spectra contained a small feature located at approximately 388 nm. This feature is 
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believed to be a LO-phonon replica of the DBE indicating that the energy scale is the same for the 
different techniques. The large feature ranging from approximately 400 – 450 nm on the other hand 
is slightly shifted towards higher energies and broadened in the CL spectra. The monochromatic CL-
intensity maps of figure 32b show that the broad bumps originate from InGaN QWs located at the 
{1101} facets of the pyramid. The broad feature in the CL spectra is believed to shift as a result of 
reduction in QCSE due to Coulomb screening [85] and band-filling of the lower energy states in the 
QW [86] caused by the massive bombardment of electrons from the electron beam. The Coulomb 
screening effect is understood from a flattened band structure as explained in chapter 2.6 and band-
filling occurs when the lower states of the QW are fully occupied. No sharp emissions were resolved 
in the CL spectra on this particular sample. 

 

Figure 32: a) µPL and CL spectra of hexagonal GaN pyramids. b) shows monochromatic CL intensity maps of the two 
pyramids. 
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