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Abstract 

In this thesis, the complex mechanisms for the incorporation of Mg and In in 

(Ga,In)N/GaN(0001) heterostructures prepared by plasma-assisted molecular beam epitaxy 

(PAMBE) were investigated by morphological, optical, and electrical characterization 

methods. Furthermore, the implementation of (Ga,In)N/GaN short-period superlattices 

(SPSLs) as a hole injection layer (HIL) or as the active region (AR) in conventional light-

emitting diode (LED) structures have been studied.  

In-situ measurements demonstrate that the desorption of In increases in the presence of both, 

N and Mg on the GaN(0001) surface. Further, (Ga,In)N/GaN superlattices (SLs) with Mg-

doping grown by PAMBE and their characterization was carried out by quadrupole mass 

spectrometry (QMS), X-ray diffraction (XRD), and secondary ion mass spectrometry (SIMS). 

A better surface morphology was obtained for the (Ga,In)N/GaN SLs in comparison to a 

(Ga,In)N layer homogeneously doped with Mg. Although, a notable decrease of the In content 

in the (Ga,In)N monolayer (ML) was revealed when Mg was supplied simultaneously to In. 

At the same time, the Mg concentration increased in the presence of In, which can possibly be 

attributed to a surfactant effect. For the SL that had only its (Ga,In)N quantum wells (QWs) 

doped with Mg, a maximum Mg concentration of 2.6 × 1022 cm-3 for a 1 ML thick 

(Ga,In)N:Mg layer was deduced from SIMS measurements. Additionally, similar results have 

achieved later by another set of experiments. Thermopower studies revealed the p-type 

conductivity of the delta doped SL and of the SL structures with 20% of the quantum barrier 

(QB) doped by Mg. Additionally, a rectifying behavior with an ideality factor lower than 10 

was demonstrated for the (Ga,In)N/GaN SL structures with QW fully doped. Based on the 

electrical characterization, three different LED structures were fabricated based on the most 

promising Mg-doped (Ga,In)N SL structures (delta doped SL, and 20% QB doped SL) and 

characterized. Additionally, undoped (Ga,In)N/GaN SLs implemented as AR of LEDs were 

investigated to evaluate the benefits of this technology but so far no success has been 

achieved.  

Keywords: GaN, Mg doping, surfactant effect, short-period superlattice, molecular beam 

epitaxy, LED. 
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Zusammenfassung 

In dieser Arbeit wurden die komplexen Mechanismen für den Einbau von Mg und In in 

(Ga,In)N/GaN(0001)-Heterostrukturen, die mittels plasmaunterstützter Molekularstrahl-

epitaxie (PAMBE) hergestellt wurden, mit morphologischen, optischen und elektrischen 

Charakterisierungsmethoden untersucht. Darüber hinaus wurde die Verwendung von 

(Ga,In)N/GaN-Kurzperioden-Übergittern (SPSLs) als Lochinjektionsschicht (HIL) oder als 

aktiver Bereich (AR) in herkömmlichen Leuchtdioden (LED)-Strukturen untersucht. 

In-situ-Messungen zeigten, dass die Desorption von In in Gegenwart von N und Mg auf der 

GaN(0001)-Oberfläche zunimmt. Ferner wurden Mg-dotierte (Ga,In)N/GaN-Übergitter (SLs) 

mittels PAMBE gezüchtet und mittels Quadrupol-Massenspektrometrie (QMS), 

Röntgenbeugung (XRD) und Sekundärionen-Massenspektrometrie (SIMS) charakterisiert. 

Die (Ga,In)N/GaN-SLs zeigten eine bessere Oberflächenmorphologie als die (Ga,In)N-

Schichten, die homogen mit Mg dotiert wurden. Jedoch wurde eine deutliche Abnahme des 

In-Gehalts in der (Ga,In)N-Monolage (ML) festgestellt, wenn Mg gleichzeitig mit In 

zugeführt wurde. Gleichzeitig nahm die Mg-Konzentration in Gegenwart von In zu, was 

möglicherweise auf eine Wirkung als oberflächenaktive Substanz zurückzuführen ist. Für das 

SL, bei dem nur die (Ga,In)N-Quantentöpfe (QWs) mit Mg dotiert waren, wurde vom 

Messergebnis von SIMS eine maximale Mg-Konzentration von 2,6 × 1022 cm-3 für eine 1 ML 

dicke (Ga,In)N:Mg-Schicht deduziert. Zusätzlich haben andere Experimente ähnliche 

Ergebnisse aufgezeigt. Thermoleistung-Studien zeigten, dass das Delta-dotierte SL und die 

SL-Strukturen mit Mg-Dotierung in 20% der Quantenbarriere (QB) p-leitfähig sind. 

Zusätzlich wurde ein Gleichrichterverhalten der (Ga,In)N/GaN SL-Strukturen mit einem 

Idealitätsfaktor von weniger als 10 für die QW-dotierten SLs demonstriert. Ausgehend von 

der elektrischen Charakterisierung wurden drei verschiedene LED-Strukturen, die auf den 

vielver-sprechendsten Mg-dotierten (Ga,In)N SL-Strukturen (Delta-dotiertes SL und 20% 

QB-dotiertes SL) basierten, hergestellt und charakterisiert. Zusätzlich wurden undotierte 

(Ga,In)N/GaN-SLs, die als AR von LEDs implementiert wurden, untersucht, um die Vorteile 

dieser Technologie zu bewerten. Aber bisher konnten diese nicht belegt werden. 

Schlüsselwörter: GaN, Mg-Dotierung, oberflächenaktive Substanz, Kurzperioden-Übergitter, 

Molekularstrahlepitaxie, LED. 
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1. Introduction and motivation 

Group III-Nitride has become part of our daily life after the first GaN light emitting diode 

(LED) illuminated in 1971 [1]. Nowadays, we can find blue GaN LEDs coupled with 

phosphorous as a white background illumination in screens, and blue laser diodes (LD) in 

Blu-ray disks [2], [3]. Additionally, group III-Nitride has a big potential by covering a wide 

spectral range from 0.78 eV (InN) to 6.25 eV (AlN) [4]. For group III-Nitride, the key 

achievement was the ability to control p-type doping [5]. After 50 years of development, 

emitters in the blue wavelength region reached 80% of efficiency [6]. However, the 

realization of an effective p-type layer is still a challenge due to several reasons. 

As-grown unintentionally doped GaN always comes with n-type conductivity. To realize a p-

type layer of a p-n junction and eventually a LED, unintentional n-type conductivity has to be 

overcome by the hole concentration [7]. However, the large lattice mismatch between the 

GaN and the host substrates (~11% for Al2O3) yields high dislocation concentrations that not 

only act as non-radiative recombination centers, but also may be the reason for the high 

unintentional n-type concentration [8]. Additionally, due to the high binding energy of Mg 

(~200 meV for GaN), only about 1% of Mg atoms are ionized at room temperature (RT) and 

free a hole. Thus, for a hole concentration of 1018 cm-3, a Mg concentration of 1020 cm-3 is 

required [8]. However, above the Mg concentration of 1020 cm-3, the Fermi level stabilizes at a 

level more favorable to the formation of donor-like intrinsic defects that yields compensation 

[8], [9]. Thus, Mg-doping in GaN(0001) crystal is commonly carried out in a narrow doping 

window, which limits the ease of III-Nitride applications. 

Another challenge of Mg-doping is the polarity change of the GaN(0001) surface. Because of 

solubility issues, beyond a Mg concentration of 1020 cm-3, a new phase (Mg3N2) forms inside 

the GaN crystal that leads to surface polarity changes from Ga- to N-polarity [10]–[12]. Mg 

also modifies the growth kinetics of GaN(0001) surface and reduces drastically the growth 

window by prohibiting the formation of a wetting layer [13]. Thus, polarity flip degrades the 

morphology of the crystal [11]. In addition, polarity change during the growth is not desired 

due to the fact that the Mg incorporation of both polarities are one order of magnitude 

different from each other [12].  
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However, metal modulated epitaxy was proposed as an alternative method to suppress phase 

separation and donor-like defects [14]. In this method, growth happens in extremely Ga-rich 

conditions, but Ga and Mg shutters are modulated during the growth to prevent the formation 

of droplets [14]. Using this approach, Mg concentration above 7 × 1020 cm-3 was obtained. 

Similarly, by metal shutter modulation, superlattices (SLs) can be formed. Yoshikawa et al. 

[15] demonstrated short-period superlattices (SPSLs) based on (Ga,In)N, but for different 

purposes. These SPSLs were suggested to eliminate the issues yielded by thick (Ga,In)N 

layers such as composition pulling effect, and phase separation in (Ga,In)N [16]. The SPSLs 

form an ordered alloy along the growth direction and they consist of stacking integer layers of 

InN and GaN. According to Yoshikawa et al. this design presents crucial advantages: First, the 

stabilization of single InN atomic layer in a GaN matrix is possible up to 700 °C, which is 

about 200 °C higher than the standard temperature used for InN epitaxy [15], [17]. Second, 

the growth of pure InN layer should suppress the inhomogeneities in the confinement 

potential, reduce the quantum confined stark effect (QCSE), and increase the e-h overlap. 

However, although the fabrication of InN/GaN SPSLs was demonstrated, more recent studies 

have concluded that (Ga,In)N/GaN SLs with maximum In content of 0.3 instead of 1 formed 

[18]–[21]. This effect possibly results from strain and give rise to a reconstruction of In on 

GaN(0001) surface that strictly limits the maximum In coverage in (Ga,In)N layers, and in 

turn, restricts their emission range considerably [20], [22]. 

Though both metal modulated epitaxy and SPSLs have similarity such as growth under 

extremely metal-rich conditions and modulation of shutters, InN/GaN SPSLs with Mg-doping 

has not been studied, yet. In-situ measurements of Mg-doped InN/GaN SLs could reveal a 

deeper understanding of the complicated kinetics of Mg and In incorporation in GaN(0001) 

crystal since both Mg and In occupies the same cation site in GaN matrix. The formation of a 

single monolayer (ML) of InN might be affected by the presence of Mg. Additionally, the 

formation of SPSLs doped with Mg might be implemented as a hole injection layer (HIL) or a 

hole accumulation layer (HAL) after the active region (AR). These designs should help at the 

elimination of issues such as the restricted hole injection, carrier delocalization, and electron 

leakage current [23]–[25]. 

Therefore, the optimization of Mg and In incorporation in InN/GaN SPSLs may enhance the 

performances of LEDs and LDs implemented with these new designs. The purpose of this 

work is to provide a deeper understanding of the complex relation between Mg and In 
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incorporation in GaN and to assess the properties of (Ga,In)N/GaN SLs doped with Mg as 

building blocks for light emitters. 
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2. Introduction to group III-Nitrides 

This chapter summarize the information on the fundamental properties of III-Nitrides that 

have been used along this thesis to guide to the interpretation of the results. At first, the 

chapter introduces the crystal structures commonly observed for III-Nitrides and the main 

physical properties. Next, doping properties of group III-Nitrides and the current challenges 

are exposed. Finally, basics of light emitters and the optical properties of group III-Nitrides 

are presented.  

2.1 Main properties of group III-Nitrides 

2.1.1 Structural properties 

Single crystalline structures exhibit highly ordered lattice of their atomic constituents that 

depends on their size and electronic configuration. Group III-Nitrides has mainly two 

preferable crystalline structures (Figure 2.1). The first one is the thermodynamically stable 

wurtzite phase (WZ), where atoms are arranged as a hexagonal close-packed lattice in a plane 

with AB – AB stacking order out of plane [Figure 2.1(b)]. The second structure is the 

thermodynamically meta-stable zinc-blende phase (ZB), where atoms are also arranged in a  

 

Figure 2.1: Crystal structure sketches of GaN: (a) Projection on the hexagonal c-plane of the three possible in-

plane positions for a close-packed structure. While in the WZ structure the atoms alternates only between two of 

the possible positions (AB – AB), the ZB phase all three in-plane positions (ABC – ABC). The area of one unit 

cell is marked by the gray parallelogram. (b) Primitive WZ unit cell: The lattice constants a and c, as well as the 

cation-anion spacing u, are marked. (c) Hexagonal ZB unit cell in the [111] direction. The stacking sequence of 

the layers is indicated by the different colors and the letters on (b) and (c). In (b), (c) filled circles denote anions 

(N), while open circles denote cations (Al, Ga, or In). Adopted from [26]. 
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hexagonal close-packed way in plane, but with the ABC – ABC stacking out of plane, like a 

cubic structure [Figure 2.1(c)]. The ZB structure can also be seen as a face-centered cubic 

(fcc) structure with a two-atom basis for which the close-packed stacking is observed in the 

[111] direction. Nevertheless, in the following, we will focus on the stable WZ phase of GaN 

as the samples produced in this thesis mainly exhibited this phase. 

In the WZ phase, the atoms are buckled in-plane orientation because of their opposite 

electronegativity. This results in stacking layers always terminated by either metal or nitrogen 

atoms. Therefore, the crystal is called metal (Al, Ga, or In) polar (face), or N-polar (face) 

when its last bi-atomic planes terminated by metal or nitrogen atom, respectively (Figure 2.2).  

 

Figure 2.2: Two different polarities (Ga- and N-polar) of WZ GaN. The figure is adapted from [27]. 

The WZ structure is defined by three parameters that are: the edge length of the in-plane 

hexagon (a), the distance between repeating stacks out of the plane (c), and the anion-cation 

bond length (u). Because of the different electronic configuration of the Al, Ga, and In atoms, 

the binary nitride compounds exhibit different bond lengths, lattice constants, and band gap 

energies. The basic parameters of the binary compound AlN, GaN, and InN are listed in Table 

2.1.  

For the realization of light emitters spanning over the whole visible light spectrum and for 

high frequency power amplifiers, ternary and quaternary alloys are formed. They are 

formulized as AlxGa1-xN, InxGa1-xN, and AlxInyGa1-x-yN. The lattice parameters (a and c) of a 

final ternary compound such as InxGa1-xN, are usually formulated by Vegard’s law: 

  (2.1) 
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This formulation can be used for other ternary and quaternary compounds too. Utilizing 

further Vegard’s law, it is also possible to calculate other fundamental parameters such as 

band gaps energy. 

 

Table 2.1: Basic parameters of WZ AlN, GaN, and InN. Adapted from [3]. 

2.1.2 Polarization in III-Nitride semiconductors 

In the WZ crystal system, the two polar orientations, [0001] and [0001] are not equivalent 

[Figure 2.1(b)], and the charge rearrangement of atoms of opposite electronegativity lying 

above each other gives rise to a dipole. Eventually, (0001) plane in WZ phase leads to 

spontaneous polarization (Psp). The polarization in III-Nitrides has been calculated by 

Bernardini et al. [28]. For ternary alloys, the spontaneous polarization can be formulated as: 

 (2.2) 

where Bp is a bowing parameter which account for the non-linear dependence evidenced by 

the experimental results [29]. In addition, the forced deformation of the crystal structure when 

forming heterostructures induces a piezoelectric polarization (Ppz). As seen in Table 2.1, the 

lattice constant of InN is 11% larger than the one of GaN. When (Ga,In)N layers are grown 

coherently on a GaN, compressive strain is built in the plane. Due to lattice mismatch, the 

strain changes abruptly at the heterointerface, and so the polarization changes by Ppz. Under 

high tensile out-of-plane strain, the (Ga,In)N layer act as a plate capacitor, where positive 

charges build at the Ga-polar side and negative charges at the N-polar side. The total 

polarization of WZ crystals is the sum of the spontaneous and piezoelectric polarizations: 
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 (2.3) 

For typical (Ga,In)N/GaN based LEDs, the polarization field can be up to 2 MV/cm [30]. 

2.1.3 Quantum-confined Stark effect 

Manifestation of polarization in semiconductor heterostructures is the QCSE [31], [32]. The 

discontinuity of P at the interface of heterostructures may prompt a charge density (σ) in the 

plane of the interface. The non-polar direction is an exception for III-Nitrides, where the polar 

axis lies in this plane and polar charges cancel each other. A quantum well (QW), which is a 

layer with lower band gap material isolated by surrounding material, can be represented as a 

plate capacitor with two oppositely charged layers at the opposite interface. Then, an electric 

field (ε) builds up across the QW. In the stack of multiple QWs (MQWs), quantum barriers 

(QBs) feel a field of opposite sign from their respective sign of the build-up charges that are 

reversed at the interfaces. Then, electric field in stacking layers can be summed up [33]. The 

situation is similar to plate capacitors that are connected in parallel. 

 

Figure 2.3: Illustration of the QCSE by a comparison of Possion-Schrödinger calculations of the band structure 

for 3 nm thick (Ga,In)N/GaN QWs with 20% In, separated by 10 nm wide GaN barriers grown on (a) the non-

polar M-plane and (b) the polar C-plane. The conduction band and valance band profiles, as well as first electron 

and hole states and their wavefunctions, are displayed. The vertical arrows indicate the resulting transition 

energies. A typical background doping level of Nd= 1 × 1017 cm-3 was assumed for the calculations. 0 nm depth 

refers to the bottom of the QW. Adapted from [26]. 

For III-Nitrides, the polarization fields in QWs can easily reach values on the order of MV/cm 

[30], [34]. As an example of the QCSE, (Ga,In)N/GaN QWs of 3 nm/10 nm thickness of QW 

and QBs simulated on M-plane and C-plane is illustrated in Figure 2.3(a), and (b), 
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respectively. The In content is set to 0.2 and the background doping level to Nd = 1 × 1017 

cm-3. For the QWs affected by polarization fields [Figure 2.3(b)], electrons and holes are 

confined at the opposite ends of the QW. This confinement reduces the overlap of the 

wavefunctions and increases the probability of non-radiative recombination, thus, reducing 

the luminous efficiency. The polarization field reaches the value of ε ≈ 3.56 MV/cm [26]. In 

the meantime, the polarization field lead to a redshift of the transition energy of the QW. The 

injection of high carrier densities can partially screen the effect of the polarization and reduces 

the fields. This improves the overlap probability of charges and reduces the redshift [35]. 

2.2 Doping of III-Nitrides 

Semiconductor materials can be doped extrinsically to improve their electrical properties. 

This procedure is crucial to obtain highly efficient III-Nitride based emitters. Doping can be 

done as n-type or p-type. As-grown nitrides exhibit n-type conductivity. An electron 

concentration exceeding 1019 cm-3 is achievable by n-type doping. In contrast, p-type doping 

is always challenging. Though III-Nitrides have been studied since the 1950s, the first 

successful p-type doping of GaN has been achieved by Amano et al. not earlier than 1989 [5].  

2.2.1 Auto doping of III-Nitrides 

As mentioned above, GaN samples as grown exhibit n-type conductivity due to native defects. 

Native defects are intrinsic to semiconductors and can act as donors or acceptors [8], [9]. In 

the case of GaN, Ga vacancies (VGa) act as acceptors and N vacancies (VN) act as donors [9]. 

Therefore, the n-type behavior of GaN has been mainly attributed to the presence of VN [9]. 

However, during growth, unintentional incorporation of foreign atoms such as oxygen, 

carbon, and/or hydrogen could also cause the n-type conductivity in GaN [8]. Van de Walle et 

al. [9] suggested that the formation energy is a fundamental parameter to determine the defect 

incorporation concentration (C ) as given by: 

  
(2.4) 

where Ef is the formation energy, kB is the Boltzmann constant, and T is temperature, Nsites is 

the numbers of sites per unit volume at which defect may occur, and Nconfig is the number of 

possible equivalent configurations. The Fermi level of the surface plays a crucial role to 
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determine the formation energy of native defect.  For example, it was shown that the 

formation of Mg-H complexes can suppress the creation of native defects such as VN as the 

presence of hydrogen during growth shifts the Fermi level away from the valence-band edge 

[12].  

2.2.2 N-type doping of III-Nitrides 

N-type doping in III-Nitrides can be achieved by replacing a group III atom by a group-IV 

atom (i.e., Si, C, Ge) to supply one additional electron. Silicon is the most commonly used n-

type dopant for group III-Nitrides. The amount of silicon introduced inside the host crystal 

during growth can easily be tuned either by the direct control of the silicon flux impinging on 

the surface in the case of molecular beam epitaxy (MBE) growth or by modulating the flow 

rate of the silicon-containing gases into the reactor in the case of metal organic chemical 

vapor deposition (MOCVD) growth. The solubility of Si in GaN is as high as 1020 cm-3 that 

yields free carrier concentration up to 1019 cm-3. Recently, Si doping level up to 2.9 × 1020 

cm-3 have been successfully reached by improving growth conditions [8]. 

However, beyond these values, tensile stress builds-up and results in the degradation of the 

crystal quality. Therefore, such degradation limits the maximum thickness of silicon-doped 

layers [36]. Besides silicon was shown to “pin” dislocations, preventing them to climb up and 

eventually to release the stress which accumulates during growth [37].  

2.2.3 P-type doping of III-Nitrides 

Substituting group-IIA or IIB atoms (i.e., Mg, Be) on cation sites potentially creates shallow 

acceptors in III-Nitride alloys and it was showed to yield p-type doping [8], [9], [38]. Besides, 

incorporating a group-IV atom at a nitrogen site can also result in p-type doping. Carbon, for 

example, is an amphoteric impurity which can incorporate as acceptor on CGa site or donor on 

CN site. Recent theoretical studies propose that its characteristic incorporation is on the CN 

site; however, it acts as a deep acceptor state [39]. 

Earliest attempts to obtain p-type conductivity in GaN with Mg doping [1] resulted in highly 

resistive layers due to the unintentional hydrogen passivation, that was only solved many 

years later [5], [40]. Hydrogen is not a native acceptor or donor for GaN. However, in the 

1980s, due to the lack of efficient nitrogen sources, most of the III-Nitride growth studies 

were achieved by MOCVD which requires source gases to carry the elements into the growth 



11 

 

reactor mainly composed of hydrogen-based molecules [6]. Therefore, the presence of 

hydrogen was unavoidable, and Mg incorporated together with hydrogen inside the crystal. 

Amano et al. [6] demonstrated that a post-annealing process removes the hydrogen atoms 

efficiently from GaN that retains a p-type behavior. In contrast to MOCVD, the active nature 

of the supplied species in MBE system, avoids the formation of Mg-H complexes inside the 

crystal. As a consequence, Mg-doped GaN grown in MBE systems shows p-type conductivity 

without any post-annealing process [12]. 

The high ionization energy that results from the internal properties of group III-Nitrides limits 

the free carriers generated by the acceptor atoms. For example, the ionization energy of Mg in 

GaN is 200 meV and yields a fraction of ionized Mg atoms of 0.01 only [9]. This results in a 

hole concentration of 1018 cm-3 for a Mg concentration of 1020 cm-3.  

On the other hand, there is a thermodynamical limitation to homogeneously incorporate 

acceptors inside the host crystal before donor-like species or a new phase starts to form. 

Investigations have shown that beyond the Mg concentration of 1020 cm-3, the number of VN 

impurities tends to increase, which increases the number of donors and results in n-type 

conductivity by overcompensation though Mg was successfully incorporated in the crystal 

[41]. Additionally, studies revealed that Mg doping level of 1020 cm-3 in GaN lead to the 

formation of a second phase namely the Mg3N2 phase [42]. This condition depends on the 

temperature, the abundance of foreign atoms, and on the host crystal. As this phase occurs, the 

hole mobility decreases, and the conductivity become poor.  

The difficulties mentioned above have motivated the search for new approaches to achieve 

efficient p-type conductivity. Delta doping has been proposed as a promising way to improve 

Mg incorporation [44]–[46]. In this method, the Mg and Ga fluxes are supplied in a 

modulated way and therefore, Mg is incorporated in the crystal as a virtual layer instead of 

substituting Ga atoms.  

2.3 Electron-hole recombination and light emission 

A recombination process occurs when an electron relaxes from its excited state in the 

conduction band (CB) to the position of the hole in the valence band (VB). During this 

process, extra energy is radiated by one or multiple channels (i.e., heat or photon) into crystal. 
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The radiation channels depend on three primary recombination processes, as shown in Figure 

2.4. The first process is a trap-assisted recombination, namely the Shockley-Read-Hall (SRH) 

recombination. In this process, an electron is trapped by crystal defects. The electron radiates 

a phonon in the crystal and relaxes after a particular lifetime. The second process is the Auger 

recombination, which is a process involving three particles. An electron relaxes from the outer 

shell orbit to a vacant inner shell orbit and radiates its extra energy. This energy is absorbed 

by another outer shell electron that becomes excited. The third process is band-to-band 

recombination, which is also referred to as radiative recombination. An electron relaxes from 

the CB to VB where a hole must be present. Through this process, a photon is emitted with 

energy close or equal to the band gap. 

 

Figure 2.4: Sketch of the band diagram with the three main electron-hole recombination processes: (a) non-

radiative process (SRH), (b) non-radiative via Auger process and (c) radiative. Adapted from [43]. 

Figure 2.5(a) illustrates the recombination of an electron-hole pair in a semiconductor with a 

direct band gap. The parabolic energy dispersion relations in the momentum space for 

electrons and holes is described by: 

 
(2.5) 

where ħ is the Planck’s constant h divided by 2π, k is the wavenumber, 𝑚𝑚𝑒𝑒,ℎ
∗  is the effective 

mass of electron and hole, respectively. The energy of the photon which is created during the 

annihilation process is equal to the difference between the energies of the two particles: 

 (2.6) 
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where ʋ is the frequency of the photon, and EC, EV, and Eg refers to conduction band 

minimum, valence band maximum, and the band gap, respectively. The photon energy is 

approximately equal to Eg if kBT << Eg. Equation (2.6) reveals that the wavelength of a photon 

can be tuned with the band gap of the material.  

 

Figure 2.5: (a) Energy dispersion of electrons and holes in a semiconductor with direct band gap, and radiative 

recombination in momentum space. From ref [43]. (b) Energy band gap of various semiconductors used to 

fabricate LEDs as a function of the in-plane lattice parameter a. Replotted from [47]. 

As shown in Table 2.1, the bandgap of AlN and InN is 6.25 eV and 0.78 eV, which allows to 

span the whole visible, UV, and IR emission spectrum by the usage of binary compounds. The 

final band gap of the ternary or quaternary alloy can also be calculated by a modified Vegard’s 

law for example, here in the case of (Ga,In)N: 

 (2.7) 

where Bg is the bowing parameter which accounts for the non-linear behavior of the band gap 

as a function of the In content, as is illustrated in Figure 2.5(b). 

2.4 Basis of the working principle of a LED 

2.4.1 P-n homojunction 

A p-n junction is created by properly doping different regions of the same semiconductor. At 

the interface between the two regions excess electrons on the n-side and holes on the p-side 

are present. To reestablish an equilibrium in the crystal, charge carriers diffuse between the p- 
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and n-side of the junction, producing a band bending and the alignment of the respective 

Fermi levels [Figure 2.6(a)]. A depletion region (WD) forms at the interface. Due to the 

recombination of the diffused carriers with the majority carriers only the charges of the 

ionized donors and acceptors are left in this region. These charges create a potential which is 

called diffusion voltage (VD): 

 
(2.8) 

where ni is the intrinsic carrier concentration, e is an elementary charge, and ND, and NA are 

the respective donor and acceptor concentrations. All the dopants are assumed to be ionized. 

Hence, the free electron (n), and hole (p) concentrations are equals to NA and ND, respectively. 

The diffusion voltage can also be defined as a potential barrier that carriers have to overcome 

to reach the other side of the junction [Figure 2.6(a)]. 

 

Figure 2.6: p-n homojunction under (a) zero and (b) forward bias. Solid (hollow) circles refer to electrons 

(holes). Adapted from [43]. 

Once the depletion region is formed, and all free charges are depleted, the p-n junction stays 

under a thermodynamical equilibrium state which is corresponding to the zero bias. This state 

is described by: 

 (2.9) 

where EF is the Fermi level. In highly doped semiconductors, because (EF – EV) and (EC – EF) 

are much smaller than Eg, the equation (2.9) can be simplified as: 

 
(2.10) 
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When a voltage is applied to the junction, new electrons and holes are injected into it. Under 

forward bias, electrons and holes are introduced from their native regions, and they propagate 

into the junction until they recombine and emit a photon [Figure 2.6(b)]. The area where the 

photon is emitted is called the AR. The current that passes through the junction under forward 

bias is given by the Shockley equation: 

 
(2.11) 

where U is the applied potential, and Is is the saturation current of the diode under reverse 

bias: 

 
(2.12) 

where A is the cross-sectional area of the diode, Dn and Dp are the electron and hole diffusion 

constants, and, Ʈn and Ʈp are the electron and hole carrier lifetimes, respectively. Under 

forward bias conditions, typically 𝑈𝑈 ≫ 𝑘𝑘𝐵𝐵𝑇𝑇 and the exponential term in equation (2.11) 

dominates [i.e., 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑒𝑒𝑒𝑒
𝑘𝑘𝐵𝐵𝑇𝑇

� ≫ 1]. Therefore, the Shockley equation (2.11) can be rewritten by 

using equation (2.8) as follows: 

 
(2.13) 

The exponential part of the equation corresponds to the apparent increase of the current as the 

applied bias approaches VD. This voltage is the threshold Voltage (Vth) and can be 

approximated by: 

 
(2.14) 

Equation (2.11) illustrates the ideal diode condition, but it is unlikely the case even for the 

state of art devices. The ideality factor (nideal) is a figure of merit to relate experimental results 

with the ideal diode formulation. It is defined by: 
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(2.15) 

 

Figure 2.7: Schematic of a III-Nitride based p-n junction diode and of its equivalent circuit consisting of three 

diodes. From ref [48]. 

For an ideal diode, nideal is equal to 1. However, Shah et al. [48] demonstrated that the ideality 

factor should be 2 or larger, as the implementation of more complex heterostructures leads to 

different interfaces, which constitute extra parasitic resistances. Metal-semiconductor 

junctions of a diode ideally have ohmic characteristics, but contacts to group III-nitrides can 

also exhibit non-linear characteristics. Then a GaN-based p-n junction device can be modeled 

as a GaN p-n junction diode, a unipolar heterojunction diode, two Schottky metal/p-type GaN 

junctions for each contacts and a serial resistance as leakage current (Figure 2.7). Since the 

external measurement occurs through the whole structure, the sum of the individual ideality 

factors of each diodes has to be considered: 

 
(2.16) 

where nj is the individual ideality factor of each constituent of the whole p-n junction.  

2.4.2 Heterojunction 

In p-n homojunctions recombination occurs over a large region because of the large 

distribution of minority carriers that diffuse over several micrometers. Additionally, the 

minority carrier concentration decreases as carriers diffuse further into the opposite region. As 

a result, the large recombination region in homojunctions is not favorable for efficient light 

emitters [49]. 
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Figure 2.8: (a) p-n heterojunction with QW under forward bias. Solid (hollow) circles refer to electrons (holes). 

(b) Sketch of the band profile of a QW and the electron distribution on energy states in the CB. Adapted from 

[43]. 

Heterojunction design involves two types of semiconductors that are a large band gap material 

as a barrier, and a small band gap material as an active region (also QW) which is sandwiched 

between two barriers. The carrier distribution in a heterojunction is shown in Figure 2.8(a). 

The injected carriers are confined into the active region by the barriers. Thus, the thickness of 

the depletion region is determined by the thickness of the active region rather than the 

diffusion length. The diffusion length of a carrier varies from 1 to 20 µm, but the active region 

of heterostructures may be confined in the order of a monolayer thickness [15]. Thus, the 

concentration of carriers in the active region drastically increases, which increases the 

radiative recombination rate (R) since: 

 (2.17) 

where B is bimolecular recombination coefficient. As a result, the heterojunction design leads 

to highly efficient LEDs. 

Even if the barrier height of a QW is significant to be overcome by electrons, escape from the 

well occurs due to the Fermi distribution [Figure 2.8(b)]. This leads to leakage current. The 

electron leakage current is larger than the hole leakage current because of the larger diffusion 

constant of electrons. Note that the leakage increases exponentially with temperature. Higher 

barriers are needed to suppress the temperature effect.  

One of the other loss mechanisms is the overflow of carriers from the active region. As the 

current injection increases, the carrier concentration in the active region increases, and the 

Fermi energy rises. At a specific current density, the Fermi energy reaches to the top of the 

barrier. Further increase of current density will not increase the carrier concentration in the 
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active region due to the lack of available states. This leads to a flood of the carriers, and to the 

saturation of the optical intensity.  

 

Figure 2.9: Optical intensity emitted by (Ga,In)As/GaAs LED with 16% In and active regions consisting of one, 

four, six, and eight QWs. Adapted from [50]. 

Generally, structures with small AR volume (i.e., single quantum well, and quantum dots) 

suffers from overflow. Saturation by overflow can be shifted to higher current densities by 

adding more QWs. Figure 2.9 illustrates the optical intensity increase with the number of 

QWs [50]. As the number of QWs is increased, the current level at which saturation occurs 

increases, and the optical saturation intensity increases as well.  

 

Figure 2.10: Band diagram of a GaN/(Ga,In)N MQW structure with a p-type doped (Al,Ga)N electron-blocking 

layer. Adapted from [43]. 
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Therefore, an electron blocking layer (EBL) can be implemented at the interface of the AR 

and the p-type region to reduce carrier leakage. Generally, EBLs are made out of material 

with a higher bandgap than the rest of the structure. However, an undoped EBL creates a 

barrier to carrier current flow in both the CB and the VB. Doping shifts up the CB and VB of 

the EBL to higher energies, which lowers the electron leakage and the barrier for hole 

injection. The band profile of such a structure with three (Ga,In)N/GaN MQWs and a 

(Al,Ga)N EBL is illustrated in Figure 2.10.  

2.4.3  (Ga,In)N/GaN short period superlattices  

As pointed out in section 2.1.2 and 2.1.3, the fabrication of high quality (Ga,In)N/GaN 

heterostructures is still challenging due to the high lattice mismatch, and the high polarization 

mismatch which results in the QCSE. The high-temperature difference of optimum growth 

conditions for (Ga,In)N and GaN layers limits the process window and leads to reduced 

material quality [51]. Moreover, inhomogeneities in the In content and the thickness of the 

QWs cause fluctuations in the confinement potential, and thus the localization of the charge 

carriers at these fluctuations inside the active layers. As a consequence, the transition energies 

shift locally [52]. This effect is detrimental to the achievement of population inversion 

required in LDs. Additional to this, the alloy disorder disrupts the mobility of charge carriers 

due to scattering, especially holes, and this scattering limits the number of QWs of light 

emitters. 

In principle, limiting the thickness of (Ga,In)N films to a single ML with abrupt interfaces 

should limit the issues yielded by strain for thick (Ga,In)N layers, that are composition pulling 

effect [16], and phase separation of (Ga,In)N [53]. Therefore, Yoshikawa et al. [15] proposed 

to extend the design of SPSLs that was already developed for group III-Arsenide to group III-

Nitride: these SPSLs form an ordered alloy along the growth direction and they are obtained 

by stacking integer numbers of m (n) ML(s) of InN (GaN). This design should present three 

main advantages. According to Yoshikawa et al.: First, the stabilization of a single InN atomic 

layer in a GaN matrix should be possible up to 700 °C [15], which is about 200 °C higher than 

the standard temperature used for InN epitaxy [17]. This finding has been attributed to the 

increased effective bonding strength between In and N due to the effect of the GaN matrix. 

Hence the growth temperature range for InN ML would be perfectly compatible with the one 

of GaN. Second the growth of a pure InN binary single layer should suppress inhomogeneities 

in the confinement potential, reduce the QCSE and increase the e-h overlap. Third, according 
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to theoretical calculations, the emission from engineered InN/GaN digital alloy would enable 

to cover the whole visible light spectrum [54]. Thus, this new approach would be a great 

alternative to conventional (Ga,In)N/GaN MQW design for LEDs and LDs. 

However, though the fabrication of InN/GaN SPSLs was already successfully reported, more 

recent studies have concluded that (Ga,In)N quantum sheets (QSs) with a maximum In 

content of 0.3 instead of 1 formed in the SPSLs [18]–[21]. Chèze et al. [20] related this 

finding to the presence of the (√3 × √3)R30°-In adsorbate structure on GaN(0001) with 0.33 In 

coverage, that should be energetically the most favorable [55]. Similarly, Lymperakis et al. 

[22] predicted the maximum In coverage of 0.25 in a (Ga,In)N QS with a single ML 

thickness, because of the high thermodynamical stability of a (2√3 × 2√3) -In phase on 

GaN(0001). In both cases, the reconstruction of In atoms on GaN(0001) may pose a strict 

limit in the In coverage achievable in such (Ga,In)N QSs and thus restricts their emission 

range considerably. Therefore, increasing the In content in (Ga,In)N QS is crucial for the 

realization of their potential for light emitters. The adsorption of various active species such 

as Mg on the surface could help to manipulate the In surface reconstruction and possibly 

allow for a higher In sticking. The surfactant effect of Mg has been well reported for GaN: 

exposing the GaN surface to about only 0.2 ML of Mg under Ga-poor conditions leads to a 

reversal of the reflection high-energy electron diffraction (RHEED) pattern from spotty to 

streaky [56]. This specie is not only known to act as a surfactant in the growth of III-Nitride, 

and to increase the mobility of adatoms at the surface, but it may also influence the 

incorporation of In. 

It is worth noting that the complex relation between Mg and In for incorporation in (Ga,In)N 

layers is still not completely understood. The Mg doping can severely decrease the In content 

because Mg tends to occupy the same cation lattice site as In and form an acceptor in 

(In)GaN. Thus, one can expect that Mg may gradually replace some In if its binding energy 

with N is stronger than the binding energy of In-N. This suggestion seems to be supported by 

a study on In incorporation for increased Mg values [57]. This study reported that beyond the 

Mg concentration of 3.1 × 1021 cm-3 in (Ga,In)N, the In content reduces significantly. On the 

other side, In may improve the Mg incorporation in (Ga,In)N because the desorption of In 

may provide more cation sites for Mg to incorporate [58], [59]. Yet, none of the phenomena 

has been investigated further, and quantitative analyses are lacking. Therefore, the realization 

of ML (Ga,In)N/GaN SPSLs sequentially doped with Mg could provide understanding on the 
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phenomena occurring during the first nucleated layer. Besides, different sticking coefficients 

for Mg have been reported on GaN [60]–[62] and on InN [63]. Feduniewicz et al. [61] 

reported that the sticking coefficient of Mg is 8.2 × 10-2 at 710 °C for Ga-polar GaN, while 

Yoshikawa et al. [63] reported that it is close to unity at 500 °C (600 °C) for In(N)-polar InN. 

An increased sticking coefficient should lead to the increase of the Mg incorporation in the 

matrix under the same growth conditions. Besides, Skierbiszewski et al. [64] reported one 

order of magnitude increase in the hole concentration for (Ga,In)N film with In content 0.01 

in comparison to binary GaN films grown with the same Mg flux at 710 °C. They attributed 

the increase of the hole concentration to the reduced material compensation and the lower 

acceptor activation energy EA of Mg in (Ga,In)N (~160 meV) compared to GaN (200 meV). 

Therefore, Mg (delta) doped (Ga,In)N/GaN SLs could also be a very efficient building block 

in light emitters for p-type layers with improved structural and conductive quality. 

For example, SPSLs could be implemented as a HIL [65], or a HAL [66] between the AR and 

the p-type contact layer. Both approaches should aim at eliminating issues such as restricted 

hole injection [23], [67], carrier delocalization [24], and electron leakage current [25], [68]. 

Indeed, the polarization field-induced energy band at the last QB and EBL is downward 

sloped, which yields a barrier height for holes and reduce the hole injection efficiency. The 

HIL reduces the barrier height for holes, which improves the hole injection efficiency. 

Furthermore, the HAL creates energy states that confine holes close to the active region, and 

thus improves the hole injection through the active region.  

Therefore, as mentioned above, the optimization of Mg and In incorporation in ML-thick 

(Ga,In)N QS and (Ga,In)N/GaN SPSLs may lead to the enhanced performance of LEDs, and 

LDs implemented with these new designs. This thesis evaluates the possible benefits 

(Ga,In)N:GaN QS and SPSLs might provide for light emitters. The next chapters will be 

devoted to the realization and study of (Ga,In)N doped with Mg. In chapter 3, a study of the 

influence of Mg on In incorporation for optimized (Ga,In)N/GaN SPSLs is presented. Next, in 

chapter 4, these structures are further evaluated by electrical characterization methods, and 

besides the experimental results are supported by drift-diffusion simulation studies. Last, in 

chapter 5, the emission performance of six LEDs with (Ga,In)N/GaN SPSL either as an active 

undoped layer, or doped with Mg as HIL/HAL are demonstrated, and their performances are 

assessed.  
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2.4.4 The efficiency of the LED 

In an ideal LED, it is assumed that every electron injected into an active region generates a 

photon. However, this is unrealistic due to different losses (such as non-radiative 

recombination mechanisms, absorption by defect, etc.). Therefore, other figures of merit are 

formulated to quantify the efficiency of LEDs. The internal quantum efficiency (IQE) 

determines the efficiency of photon generation by injected charges into the active region: 

 
(2.18) 

where Pint is the internal optical power.  

A generated photon can only be detected after it leaves the crystal, but due to mechanisms like 

reabsorption or total internal reflection, the IQE is never 100%. Therefore, the external 

quantum efficiency (EQE) considers these phenomena and is described as: 

 
(2.19) 

where Pext is the external optical power. 

Finally, the overall efficiency of a LED can be defined as the ratio between the extracted 

power and the injected electrical power, which is called wall-plug efficiency (WPE): 

 
(2.20) 

where Popt is the optical power, and ULED is the potential difference applied to the LED. 
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3. Growth of III-Nitride structures for (Ga,In)N superlattices 

by molecular beam epitaxy 

This chapter presents the concepts and the experimental methods utilized for the realization of 

(Ga,In)N superlattices doped sequentially with Mg, and the investigation of their properties.  

In the first section, the different models for crystal growth are briefly recalled. In the second 

section, the MBE system utilized along this thesis is presented together with the in-situ 

characterization techniques that are RHEED, quadruple mass spectrometry (QMS), and laser 

reflectivity (LR). In the third section, the calibration of the MBE system is described. Finally, 

qualitative methods to determine the polarity of the surface are illustrated.  

3.1 Epitaxial growth modes 

Molecules or atoms impinging on a foreign substrate are adsorbed through physisorption (Van 

der Waals forces) or chemisorption (chemical reaction with electron transfer). Then, the 

adsorbed atoms or molecules migrate on the surface. The maximum distance they can travel is 

called the diffusion length and it is determined by the substrate temperature and the surface 

energy barriers for diffusion. When the adatoms find a lower-energy site such as, ledges or 

defects, they may incorporate into the substrate lattice. Furthermore, they can interact with 

each other to form a stable nucleus that might grow into a layer with further incorporation. 

Lastly, some atoms or molecules might not be incorporated at all, and they re-evaporate from 

the surface due to thermal desorption. Unique atomic processes which rule the growth are 

depicted in Figure 3.1(a). All those processes occur at a temperature dependent rate (k) that 

obeys an Arrhenius law [69]: 

 
(3.1) 

where Ea is the activation energy, kB is the Boltzmann constant, and T is the temperature.  

On a mesoscopic scale, impinging atoms or molecules might incorporate and form a film 

according to one of the three growth modes sketched in Figure 3.1(b). Growth modes can be 

determined by many parameters like lattice mismatch, surface free energies, and temperature. 
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In the Frank-van der Merwe growth mode, the bonds between atoms of the film and the 

substrate are stronger than the bonds between atoms. The energy is minimized when the 

substrate surface is entirely covered by the film. In the Volmer-Weber mode, three-

dimensional (3D) islands directly form on the substrate surface. In the Stranski-Krastanov 

mode, growth starts in layer-by-layer fashion until the formation of 3D islands elastically 

relaxes the strain. This growth mode mainly appears for heteroepitaxial growth due to the 

lattice mismatch between the substrate and the grown layer. The transition from two-

dimensional (2D) to 3D happens because the elastic energy counterbalances the surface 

energy required to form facets [70]. If growth is continued, plastic relaxation with the 

formation of dislocations occurs due to lattice mismatch.  

Thermodynamics foresees layer-by-layer growth mode for homoepitaxy, but under non-

equilibrium conditions, the growth mode can remarkably be affected by kinetic limitations 

associated with finite rates of mass transport processes. As in MBE growth happens far from 

thermodynamic equilibrium, it should be mainly controlled by the kinetics of the reaction 

between the topmost layers and the impinging atoms or molecules. 

 

Figure 3.1: Schematics of (a) the surface processes occurring during the film growth by MBE, and (b) the three 

crystal growth modes: layer by layer (Frank-van der Merwe), island (Volmer-Weber), and layer plus island 

(Stranski-Krastanov). Adapted from [71]. 
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Therefore, three possible growth modes are observed depending on adatom mass transport. 

When the intralayer mobility of an adatom is high, adatom reaches the step edge before 

nucleation occurs, and the step advances. This mode is the step-flow growth mode. However, 

when the adatom mobility is not high enough to reach step edges, layer-by-layer or multilayer 

growth occurs depending on the interlayer mass transport. Under the condition of zero 

transport, 3D growth is promoted. Adatom mobility is manipulated by alternating deposition 

rates, growth temperature, and surfactants to establish optimum growth parameters.  

Growth mode phase diagrams were established for plasma-assisted MBE (PAMBE) grown 

GaN and InN by various in-situ techniques [72]–[75]. Two growth parameters, which are the 

III/N flux ratio and growth temperature, play an important role to achieve three possible 

growth regimes (Figure 3.2). Utilizing different growth regimes leads to either smooth, and 

abrupt, or rough, and 3D surfaces. For GaN, N-rich growth regime (Ga/N <1) yields rough 

and heavily pitted GaN surfaces [73]. Under Ga-rich growth conditions (Ga/N >1), relatively 

smooth surfaces are obtained [72]. Besides, surface pit density and roughness are reduced by 

increasing the Ga flux until the limit of Ga droplet formation. These enhancements in material 

properties were explained by the existence of a Ga adlayer with thickness up to 2.4 ML, 

which increases the adatom diffusion under Ga-rich conditions [72], [74]. Under highly Ga-

rich growth conditions (Ga/N >>1), unincorporated Ga atoms accumulate on the surface and 

yield to droplet formation. It was reported that Ga droplets on the surface promote distinct 

spiral hillock growth, which are surrounded by extended voids [76]. Droplets cause variation 

in the density of point defects and promotes inhomogeneous growth of GaN. Thus, this 

growth condition is not recommended. InN exhibits similar growth regimes to GaN, except 

that its growth window is 250 °C lower than GaN [75]. For (Ga,In)N, In atoms maintain 

smooth growth regime under metal-rich conditions by acting as surfactant [55]. It has been 

reported that the Ga flux could be significantly reduced before growth becomes rough, 

because the formation of 2 MLs of In adlayer increases the mobility of Ga and In adatoms. 

Thus smooth growth is highly promoted.  

3.2 Molecular beam epitaxy 

MBE is one of the single crystalline growth techniques utilized for the deposition of materials 

in the form of beams of atoms, or molecules. The beam is created by heating the material 

source in an effusion cell [Figure 3.3(b)] until highly pure elemental vaporization occurs. A 
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shutter is attached to the effusion cells to control precisely the beam of atoms or molecules, 

which allows ML thick heterostructures. The particularity of this technique is that growth is 

performed in ultra-high vacuum (UHV). In UHV, the mean free path of an atom is high 

enough to travel the distance from the source to the substrate with minimum scattering. 

Additionally, UHV enables to utilize in-situ investigation tools, such as RHEED system, and 

line-of-sight QMS.  

 

Figure 3.2: Phase diagram of the three growth regimes for GaN as a function of metal flux, and growth 

temperature for constant N flux on GaN(0001) surface. Growth regimes are separated by solid lines (Ga-rich 

droplets, Ga-rich intermediate, and N-rich), and modes are highlighted by different colors (Step-flow; red, layer-

by-layer; blue, 3D; orange). Adapted from [72]. 

The experiments in this study were carried out in a MBE P600 system manufactured by DCA 

Instruments (MBE1) at the Paul-Drude-Institut für Festkörperelektronik (PDI). The growth 

chamber is cooled down utilizing a cryo-shroud filled with liquid nitrogen (LN). It is pumped 

with two cryo-pumps and an ion pump in order to maintain the base pressure in the range of 

10-11 Torr and to achieve UHV ambient, characteristic for this technique. MBE1 is equipped 

with eight effusion cells used for the evaporation of metals (Ga, Al, In, Mg, and Si) (Figure 

3.3), and two radio-frequency plasma sources from Riber to provide active N. The atomic 

nitrogen is chemically very active, and bonds with the metal atoms (i.e., Al, Ga, In, Mg), thus 

creating various types of nitrides. Figure 3.3(a) shows the placement of the cells for MBE1.  
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During growth, the chamber pressure is typically 10-5 Torr. MBE1 is equipped with tools for 

in-situ characterization of the samples during the growth: a RHEED system, a line-of-sight 

QMS, a LR setup, and an optical pyrometer [Figure 3.3(b)]. The sample temperature is 

monitored by a pyrometer mounted perpendicular to the substrate on the main viewport. 

 

Figure 3.3: (a) Bottom, and (b) side view of the growth chamber of MBE1. The main parts of the system that are 

the in-situ instruments, the effusion cells, and the plasma sources, are sketched. A RHEED gun and a fluorescent 

screen are the two parts of the RHEED system. The LR system consists of a laser and a Si photodetector. Arrows 

symbolize the directions of the fluxes, and dashed lines refer to the path of electron and light beam inside the 

chamber. 

3.2.1 In-situ monitoring techniques 

3.2.1.1 Reflection high-energy electron diffraction 

RHEED is regularly employed to examine the growth rate (GR), and the characteristics of the 

sample growth front such as adlayer formation, roughness, crystal structure, crystallinity, and 

epitaxial relations of heterostructures [77]. Moreover, it can be used for the calibration of the 

substrate temperature by monitoring well-established temperature-dependent processes, such 

as the reconstruction change of Si [78]. 

This technique relies on an electron beam with high energy (5 – 20 keV) that is directed on 

the surface of the sample with a small angle of incidence (1° – 3°). The incident electrons are 

scattered only by the topmost atomic layers of the sample. Finally, the scattered electrons hit a 

fluorescent screen on the opposite side of the electron gun [Figure 3.3(b)]. The incident and 
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scattered electrons are described as planar waves with wave vector equal to ki and kf, 

respectively. A constructive interference only occurs if the Bragg Law condition is fulfilled: 

 
(3.2) 

where a is the lattice constant in the real space, and n is the integer number of constructive 

RHEED streak observed on the fluorescent screen. Hence, the scattered electrons form a 

specific pattern on the fluorescent screen. 

 

Figure 3.4: Surface morphologies and their corresponding RHEED patterns. Adapted from [71]. 

In this thesis, RHEED was mainly employed to probe the morphology of the surface during 

growth. Figure 3.4 recalls the main types of RHEED patterns corresponding to the different 

surface crystal qualities. Diffracted electrons from atomically smooth crystalline surfaces 

form a pattern of equidistant reflections located on circles centered on the incident beam 

[Figure 3.4(a)]. For a polycrystalline crystal, several grains differently orientated create a ring 

pattern [Figure 3.4(b)]. Amorphous layers form a halo without any structure. If the surface is 

rough and three dimensional (3D) features are present, the incident beam can be scattered by 

several crystal planes and eventually, a spotty RHEED pattern appears, where reflections are 
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arranged in a grid [Figure 3.4(c)]. Finally, if 3D structures grow vertically faster than laterally, 

the RHEED reflections broaden laterally and adopt an oval shape [Figure 3.4(d)]. 

Several reconstructions for Ga- and N-polar GaN were reported [56], [79], [80]. For N-polar 

surface, 1 × 1 reconstruction was achieved by heating the surface after growth up to 800 °C in 

order to desorb excess Ga adatoms [79]. The 1 × 1 reconstruction corresponds to the lowest 

Ga concentration. Thus, new reconstructions were observed (3 × 3, 6 × 6, and c(6 × 12)) by 

depositing additional submonolayer of Ga adatoms. First principle energy calculations 

showed that the 1 × 1 reconstruction consists of a Ga adlayer bonded to the upper most N-

terminated bilayer which yields tensile stress due to a smaller Ga-Ga bond length compared to 

the GaN lattice constant [80]. Additional Ga adatoms reduce the stress in the adlayer, hence 

higher reconstructions are more favorable, but they only exist below 300 °C. Compared to N-

polar reconstruction, results for Ga-polar surface are not completely understood. Similarly, a 1 

× 1 reconstruction also forms during growth. However in contrast to the N-polar surface, for 

Ga-polar surface, after growth, 1 × 1 reconstruction converts to 2 × 2, 5 × 5, 6 × 4, and “1 × 

1” reconstructions by increasing the Ga adatom coverage [79]. A 2 × 2 reconstruction was 

reported under N-rich conditions, and a 5 × 5 reconstruction was obtained by annealing at 750 

°C, depositing half a ML of Ga, and then reannealing at 700 °C. Furthermore, deposition of an 

additional half a ML of Ga, and reannealing at 700 °C induced a 6 × 4 reconstruction. After 

growth under Ga-rich conditions, “1 × 1” was observed. This reconstruction is different to the 

1 × 1 observe during growth at temperature above 250 °C because of the appearance of 

sidebands very close to the first order streaks. For this reconstruction, the spacing between 

sidebands and the first order streaks at room temperature (RT) is either ≈1/6, or ≈1/12. These 

structures are referred to as “1 + 1/6” or “1 + 1/12”, respectively. Yet the precise difference 

between these structures is not well understood [56].  

3.2.1.2 Quadruple mass spectrometry 

Mass spectrometry is usually utilized for the residual gas analysis in vacuum chambers. 

However, when mounted in the line-of-sight to the substrate, it can also be utilized to collect 

information about atomic species that are desorbing from the substrate. The “line-of-sight” 

QMS technique is efficient to study the growth, and surface kinetic processes in the MBE. In 

the scope of III-Nitrides, QMS allowed to established the growth mode diagram for GaN [72], 

[81], and provided a quantitative analysis of the GaN decomposition processes [82].  
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Figure 3.5: Schematic description of the operation of a line-of-sight QMS for the detection of desorbing atoms. 

An aperture limits the direction of the incoming beams. Adapted from [83]. 

During growth at a temperature high enough for desorption of certain species to occur, not all 

the impinging atoms incorporate in the layer, and a fraction of the atoms desorbs from the 

surface due to the high substrate temperature. One of the source ports of MBE1 is equipped 

with a QMS mounted in line-of-sight to monitor desorption of atoms from the substrate. An 

aperture at the tip of the QMS, sketched in Figure 3.3(a) and Figure 3.5, restricts the 

measurement collection angle of the QMS to a circular area of 1” diameter in the middle of 

the sample. Thus, the background signal introduced by the rest of the chamber is suppressed. 

The schematic shown in Figure 3.5 explains the working mechanism.  

The atoms, which reach the QMS, are ionized and travel through an electric field created by 

the four electrodes of the QMS. Depending on their mass to charge ratio, they are deflected by 

the electric field. Only selected masses are directed to the detector by changing the electric 

field. Finally, atoms are detected by a Faraday cup, and they are measured in units of current. 

An electron multiplier is coupled with the Faraday cup to multiply the current created by the 

atoms to a measurable range. 

3.2.1.3 Laser reflectometry 

The LR allows determining the GR, the metal coverage, and the substrate temperature. A 

schematic of the measurement setup is marked in yellow in Figure 3.3(a). A modulated 



31 

 

incident laser light is reflected from the grown layers, and detected by a silicon diode with 

phase detection. This method is primarily based on the physical reflection, refraction, and 

interference of a laser beam by the sample composed of parallel layers with different 

refractive indices. The incident laser beam enters the medium of the sample with an incident 

angle, where it is partially reflected from the surface of the growing layer. The light 

penetrating through the growing layer is diffracted at the interface of the next layer. After 

multiple reflections, the reflected light leaves the sample and is detected by a Si detector. By 

using reflection conditions, the thickness of the growing layer can be calculated. Importantly, 

the laser reflectometry is sensitive to the presence of metal at the surface, and surface 

temperature. Sensing the presence of metal is very useful to optimize the growth parameters 

and establish the growth regimes explained in section 3.1. 

3.3 Calibration of the MBE system for III-Nitride growth 

GaN growth mechanism is controlled by the fluxes of the effusion cells, and the temperature 

of the substrate [72]. Due to the geometry of the chamber, the correlation between the GR and 

the flux measured in Torr is necessary. Additionally, the elimination of the uncertainty 

introduced by the design restriction for the placement of thermocouple is necessary for the 

actual measurement of the temperature at the surface. In this section, the methods used to 

calibrate the fluxes of the effusion cells and the substrate temperature are explained.  

3.3.1 Calibration of the fluxes in growth rate units 

 

Figure 3.6: The semi-logarithmic plot of the BEP measurements performed for (a) the Ga and (b) the In-cell. 

The solid lines represent the fits of the data with equation (3.4). 
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Growing ML-thick layers for the epitaxy of SPSLs require the accurate calibration of the 

fluxes supplied by the effusion cells in GR units. The fluxes mainly depend on the shape, the 

volume, and the filling level of the cell crucible and the temperature at which it is heated. 

Experimentally, beam equivalent pressure (BEP) of the fluxes are acquired utilizing a 

retractable ion gauge. In MBE1, the current of the ion gauge is measured in nA by a 

multimeter, and then converted into BEP in Torr following the formula [84]: 

 
(3.3) 

where S is the sensitivity constant which is determined by the gauge controller. In order to 

stabilize the fluxes, a pause of 15 mins between two following measurements is taken, while 

the temperature of the cell is ramped down. The experimental data are fitted utilizing the 

empirical formula: 

 
 

(3.4) 

where r, m1, and m2 are fitting parameters which depend on the type of crucible, and species, 

and f is the current filling level of the crucible. As an example, the flux measurements for a 

Ga and an In cells and their relative fits are shown in Figure 3.6 (a) and (b), respectively. 

After the BEP measurements, in order to convert the metal fluxes in growth rate units, thick 

layers of AlN, GaN, and InN are grown at certain fluxes measured before growth. In order to 

calibrate the metal fluxes (Al, Ga, and In), thick layers are grown under slightly N-rich 

condition for which the GR is determined by the metal flux. Otherwise to calibrate the N flux, 

layers are grown under slightly metal-rich condition [82]. In order to minimize additional 

phenomena such as desorption and decomposition, a moderate growth temperature is chosen. 

Figure 3.7 illustrates cross-sectional scanning electron microscopy (SEM) images of the 

numerous GaN and InN layers fabricated to calibrate the Ga, In and N fluxes. Note that the 

difference in material composition induces a high contrast between the (Al,Ga)N markers, and 

the InN and GaN layers. The GR for a specific set of fluxes is determined by measuring the 

layer thickness. Finally, the extrapolation of the data by linear fits provides the conversion of 

the flux into GR.  
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Figure 3.7: Cross-sectional SEM image of an (Al,Ga)N/GaN/InN heterostructures formed to calibrate the Ga, In, 

and N fluxes. The layers are grown either under Ga or N-rich condition in order to calibrate the N or the metal 

fluxes. (Al,Ga)N layers are used as a marker to improve the contrast between the layers. 

3.3.2 Calibration of growth temperature by LR and by QMS 

The temperature of the sample heater is controlled by a proportional-integral-derivative (PID) 

controller in a closed loop with a thermocouple. However, since the substrate is not physically 

touching the heating element, reading from the thermocouple always have an offset to the 

actual substrate temperature. Meanwhile, the substrate temperature is monitored by the 

pyrometer. GaN is transparent for infrared radiation: therefore, the pyrometer reading 

represents the temperature at the sapphire surface below the GaN template. The most 

significant source of offset to the pyrometer reading temperature is due to the fact that the 

transparency of the main viewport is changing as some material from the sources is deposited 

on it. Therefore, additional methods are required to determine the actual temperature of the 

substrate surface. 

In the MBE1 system, QMS and LR monitoring techniques can be utilized to check the 

consistency of the temperature reading from the pyrometer and the thermocouple. The 

thermocouple temperature is adjusted by assessing the Ga or In desorption characteristics 

along the GaN (section 3.1) and the InN growth diagrams [73], [75]. The known fluxes of Ga 

or In are supplied to the surface for allowing the formation of droplets at a temperature 

estimated lower than the temperature to be investigated, and monitored by LR and QMS, 

simultaneously. The substrate temperature monitored by the thermocouple is then increased 

until the boundary for metal absorption is reached. This point is the reference point for the 
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targeted temperature [Figure 3.8(a)]. Figure 3.8(b) shows an example for such substrate 

temperature calibration. The Ga flux was set to 3.5 nm/min, which is associated to Ga 

desorption at a surface temperature of 690 °C [73]. In the QMS measurement, the signal of 
69Ga increases to an intermediate level as the Ga shutter opens. This intermediate level 

corresponds to the formation of the first ML of Ga adlayer [74]. After completion of the first 1 

ML, the signal increases to a maximum possible desorption of Ga at this temperature. After 30 

s of Ga supply (7 MLs), the shutter is closed and simultaneously, the signal drops back to the 

intermediate saturation level. At this point, the first ML of Ga adlayer desorbs, and the signal 

returns back to the background level. The signal of the LR is similar to the one of QMS, 

except that the formation and desorption of the first ML of Ga adlayer is not observed. After 

the shutter is closed, a simultaneous drop of LR and QMS signal ensures that the crossover 

point is achieved for 690 °C. 

 

Figure 3.8: (a) Illustration of the desorption for the calibration of the substrate temperature. Extracted from [71]. 

(b) QMS and LR signals acquired during desorption of Ga to adjust the temperature before the growth of a GaN 

layer. The Ga flux was set to 3.5 nm/min, which corresponds to 690 °C [73]. 

3.3.3 Structural characterization by X-ray diffraction 

The In content in a (Ga,In)N layer depends on the balance of Ga, In, and N fluxes, and on the 

substrate temperature [27], [43]. The miscalibration or the fluctuation of these parameters 

influence the final In content of the grown (Ga,In)N layers. Therefore, reference samples with 

(Ga,In)N/(Ga,In)N MQWs are grown for the fine-tuning of the calibration data. The sample 

consists of five repetitions of 3.1 nm (Ga,In)N QWs with In content of nominally 0.3, and 10 

nm (Ga,In)N barriers with In content of nominally 0.05. Growth is done under In-rich 

conditions at a substrate temperature of 610 °C. For QWs (QBs), the Ga, In, and N supply 
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rates are fixed at 6.3 nm/min (8.1 nm/min), 12 nm/min (9.3 nm/min), 9 nm/min, and 610 °C, 

respectively. The In content is assessed by an ω-2θ scan around GaN(0002), which is 

illustrated in Figure 3.9. A characteristic sharp GaN(0002) peak related to the GaN template is 

observed [85]. The shoulder visible on the left side corresponds to the zero-order peak coming 

from the (Ga,In)N QWs reflection (SL0). The SL±n satellite peaks appear on both sides of the 

SL0 reflection due to the periodicity of the structure. The position of the satellite peaks (ωn) 

can be used to calculate the average lattice spacing (cavg) given by Bragg law: 

 
(3.5) 

where λ is the wavelength of the x-rays. Then, the averaged composition of In over the whole 

MQWs is calculated by using Vegard’s law: 

 
(3.6) 

where xIn is the In composition, cGaN (5.1855 Å) and cInN (5.7033 Å) are c-lattice constants for 

GaN and InN, respectively [85]. In Figure 3.9, the In concentration of the QWs is estimated 

about 0.18 from the fit with the X-pert epitaxy software. The difference between the nominal 

and the actual In concentration occur because of decomposition of (Ga,In)N [86]. 

 

Figure 3.9: ω-2θ scan of a calibration sample around the GaN(0002) reflection. The simulation curve is 

superimposed to the measurement. The MQW satellites are labeled as SLn. 
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3.3.4 Surface polarity determined by surface reconstruction and wet etching 

As mentioned before, many studies on GaN(0001):Mg and InN(0001):Mg have concluded 

that beyond a certain Mg dose, polarity inversion occurs [79], [87]–[90]. Since the polarity of 

III-Nitrides has a significant effect on the growth and device performance, the verification of 

the polarity of the samples which grown in this thesis was conducted. Therefore, RHEED 

surface reconstruction and wet etching, are rather quick methods for investigation were used. 

Two thick GaN:Mg layers (samples Y and Z) were grown. The polarity of sample Y was kept 

intentionally Ga-polar, and the polarity of sample Z was reversed from Ga- to N-polar by 

incorporation of segregated Mg on the surface. According to ref. [12], the incorporation of 

segregated Mg without the presence of Ga supply leads to inversion domains, and reverses the 

polarity of GaN. These two samples were used to distinguish the properties of the two 

different polarities of GaN in comparison to findings in literature.  

Commercially available semi-insulating (SI) GaN templates were used as substrate. Figure 

3.10(a) – (b) illustrates a sketch of the samples Y and Z, respectively. For both samples, the 

Ga, N, Mg supply rates, and the substrate temperature were fixed at 13 nm/min, 10 nm/min, 

4.2 × 10-8 Torr, and 760 °C, respectively. The samples were grown under Ga excess to 

establish the step flow growth mode. For sample Y, 100 nm thick layer of GaN:Mg was grown 

continuously. At the end of the growth, the accumulated metal on the surface was thermally 

desorbed. For sample Z, a 260 nm thick layer of GaN:Mg was grown with four intentional 

breaks induced by closing all cell shutters except the N shutter in order to incorporate the Mg-

rich adlayer.  

After growth, the surface reconstruction observed in RHEED below 200 °C corresponds to a 

streaky 1 × 1 for sample Y [Figure 3.10(c), (e)], and 3 × 3 for sample Z [Figure 3.10(d), (f)]. 

The 3 × 3 reconstruction pattern of sample Z clearly points to polarity inversion [79]. 

However, the 1 × 1 reconstruction observed for sample Y has been reported for both Ga, and 

N polarity of GaN [79].  

As Ga and N polar surfaces have different chemical properties, they can be distinguished by 

their different etching rate that is much higher for the N-polar surface than for the Ga-polar 

one [87]. To further verify their polarity, the samples were dipped in a 1:10 KOH solution 

with deionized- (DI-) water for 1 min at RT. 
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Figure 3.10: (a) and (b) Schematic of samples Y and Z. (c) – (f) RHEED patterns of samples Y (c), (c) and Z (d), 

(f) acquired after growth at 200 °C along the 〈11�00〉 azimuth (c), (d) and along the 〈112�0〉 azimuth (c), (f). For 

sample Z, 1/3 order streaks are underlined by red arrows in (d), (f), and the pattern indicates a 3 × 3 surface 

reconstruction. (g) – (j) AFM scans acquired before (g), (h) and after (i), (j) 1 min of KOH etching at RT for 

samples Y, and Z, respectively. Inset of (j) illustrates (1 × 1) µm2 area of sample Z. The RMS roughness 

measured over an area of (5 × 5) µm2 is indicated in each image.  
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The atomic force microscopy (AFM) scans were acquired before and after the dip [Figure 

3.10(g) – (j)]. The AFM scans of both samples as grown, revealed a quite smooth GaN surface 

despite the presence of many hexagonal pits induced by Mg [13]. After KOH etching, the 

morphology of sample Y measured by AFM was very similar to the one before the KOH dip. 

The root mean square (RMS) roughness slightly decreased from 1.3 nm to 0.9 nm. 

Additionally, diameter of the pits increased from 186 nm to 220 nm, but density of the pits 

remained similar to dislocation density of the GaN template (~1 × 108 cm-2). Pits originated 

by dislocations reveal additional orientations to GaN(0001). Different orientations of GaN has 

a different etch rate for KOH which may lead to increase of the diameter [91]. Furthermore, 

width of the step-terraces increased from 281 nm to 441 nm. The increase was illustrated by 

Wang et al. [92] for metal-polar InN, but the origin was not speculated. In contrast, for sample 

Z porous morphology was promoted by KOH dipping, and the RMS roughness is increased 

from 1.5 nm to 3.0 nm. Weyher et al. illustrated that porous morphology is originated from 

pyramidal structures promoted by KOH etching which is independent from etching time [93]. 

Thus, sample Z surface was etched by the KOH dip, and it was identified as N-polar, 

coherently with the 3 × 3 reconstruction pattern observed in-situ by RHEED for this sample. 

Therefore, these results support the fact that 1 min KOH wet etching at RT is efficient to give 

a valuable information of the global surface polarity of a GaN layer. This method was used 

further to evaluate the polarity of the samples grown in this thesis.  

3.3.5 Calibration of the Mg source 

3.3.5.1 Sample design 

As mentioned previously, different growth temperatures and growth rates are used for GaN 

and (Ga,In)N. Therefore, two samples aiming at the cell calibration of Mg were fabricated and 

measured by secondary ion mass spectroscopy (SIMS). The first sample is a heterostructure 

of GaN:Mg/(Al,Ga)N that was grown at 695 °C. The sample consists of ten periods of 

GaN:Mg layer with a nominal thickness of 80 nm, and (Al,Ga)N layer with a nominal 

thickness of 40 nm. The (Al,Ga)N layers were grown as growth markers. For the first seven 

GaN:Mg layers, the Mg cell temperature was increased stepwise from 260 °C up to 320 °C. 

For the last three GaN:Mg layers, the temperature was set to 340 °C, 360 °C, and 370 °C, 

respectively. An undoped GaN cap layer with thickness 40 nm was grown on top to protect 

the surface. Note that a first cap layer was also grown after the 7th period to check the surface 
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reconstruction with RHEED below 200 °C. The second sample is a heterostructure of 

(Ga,In)N:Mg/(Al,Ga)N that was grown at 610 °C. For this sample, six periods of 

(Ga,In)N:Mg layers with nominal thickness 80 nm, and (Al,Ga)N markers with nominal 

thickness 40 nm were grown. Note that the (Al,Ga)N layers were grown with an additional 

supply of In used as a surfactant. For the (Ga,In)N:Mg layers, the Mg cell temperature was set 

to 280 °C, 300 °C, 330 °C, 350 °C, 360 °C, and 370 °C, respectively. The growth was 

terminated by a 50 nm thick (Ga,In)N layer to protect the surface. The In content in the 

(Ga,In)N:Mg layers was chosen to be 0.02 in order to be comparable with the In content 

averaged over a SPSL with a period of 1 ML (Ga,In)N/ 10 nm GaN with 0.3 In content. For 

both growth processes, III/N ratio was kept slightly metal-rich to achieve smooth surfaces. 

Figure 3.11(a) and (b) presents the structure of both samples. The Mg flux supplied at each 

Mg cell temperature is measured before growth and is reported in Figure 3.11(c). Equation 

(3.4) was used to fit the experimental data. 

 

Figure 3.11: Structure of the two calibration samples grown for SIMS measurement: (a) GaN:Mg, and (b) 

(Ga,In)N:Mg layers. Mg-doped layers are filled in orange. (c) BEP of the Mg cell as a function of the cell 

temperature.  

3.3.5.2 In-situ RHEED measurements 

Figure 3.12 presents the RHEED patterns measured below 200 °C after the growth of each 

sample described in 3.3.5.1. For the GaN:Mg calibration sample, the 1 × 1 reconstruction was 

observed during the whole growth. However note that the 1 × 1 reconstruction is stable for 

both Ga and N polarities at such a high temperature [79], which makes it impossible to verify 

the polarity of the layer under investigation. After the growth of the 7th period and the first cap 

layer, the sample was cooled down below 200 °C, and a 6 × 4 reconstruction was observed 

(not shown). This observation revealed that the polarity of the sample was still Ga-polar for a 



40 

 

supplied Mg flux of  1.5 × 1019 cm-3 [79]. Nevertheless, after the growth of the 10th period a 3 

× 3 reconstruction appeared in RHEED [Figure 3.12(a), (b)]. This occurrence implies that the 

polarity of the surface was reversed from Ga- to N-polar [79].  

 

Figure 3.12: RHEED patterns from the GaN:Mg calibration sample (a), (b) and from the (Ga,In):Mg calibration 

sample (c), (d) taken after growth below 200 °C. The patterns in (a) and (c) were observed along the 〈112�0〉 

azimuth and the ones in (b) and (d) along the 〈11�00〉 azimuth. The red arrows in (a) – (c), and the orange lines in 

(c) indicates fractional streaks, and split off fringes, respectively. 

For the (Ga,In)N:Mg calibration sample, a streaky 1 × 1 pattern superimposed to additional 

reflections was observed during the growth (not shown here). Though slightly metal-rich 

growth conditions were set to promote a smooth surface, the superimposed spots indicate 

surface roughening possibly resulting from the lack of an adlayer. In RHEED after the growth 

below 200 °C, a faint 2 × 1 reconstruction pattern with split off fringes on each side of the 

integer order streaks was observed, such fringe are indicated by orange lines in Figure 3.12(c). 

Rough morphology with faceted structures illustrated in Figure 3.13(a) lead to split off fringes 

due to the fact that these structures have different orientations than GaN(0001).  Furthermore, 

superimposed spots were still observed [Figure 3.12(c), (d)]. 2 × 1 reconstruction has been 

reported as a characteristic for Ga polar GaN [79]. Please note that faint 2 × 1 reconstruction 
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may be originated by the superimposition of 1 × 1, and 2 × 1 reconstruction which are 

promoted by N- and Ga-polar, respectively [79]. Thus, this observation may suggest that the 

polarity of the sample is locally reversed to N-polar. 

To further verify the polarity, the sample was dipped in a 1:10 KOH solution with DI-water 

for 1 min and 10 mins at RT (Figure 3.13). Before KOH etching, 3D columnar structures were 

observed with RMS roughness 10.4 nm in agreement with spotty pattern observed by 

RHEED. A quite rough surface with faceted structures is reasonably expected due to the fact 

that growth window is significantly reduced by Mg [13]. After 1 min of KOH dipping, the 

morphology measured by AFM was very similar to the one before the KOH dip, except to 

facets of 3D columnar structures were more promoted. After 10 mins, though facets became 

more noticeable, the RMS roughness slightly decreased from 10.4 nm to 8.2 nm. After KOH 

etching the characteristic pyramidal structures were not observed due to the fact that before 

KOH etching, surface was already rough [91], [93]. Thus, for (Ga,In)N:Mg calibration 

sample, possible superimposed reconstruction by RHEED and semi-etched morphology by 

KOH might reasonable to assume that polarity of the surface was superposition of Ga- and N-

polar domains [87]. 

 

Figure 3.13: AFM scans acquired (a) before and after, (b) 1 min and (c) 40 mins of KOH etching at RT for 

(Ga,In)N:Mg calibration sample. The RMS roughness measured over an area of (5 × 5) µm2 is indicated in each 

images. 

3.3.5.3 Secondary ion mass spectroscopy measurements 

SIMS is a technique to investigate the composition of the material in depth. The material is 

etched by a focused ion beam, and ejected secondary ions are collected by a mass 
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spectrometer. The results of the measurement give the concentration of a species through the 

sample. 

SIMS measurements were carried out at RTG Mikroanalyse GmbH in order to correlate the 

Mg flux with the Mg concentration in GaN:Mg, and (Ga,In)N:Mg layers. The results of the 

measurements for each sample are shown in Figure 3.14(a) and (b). The averaged Mg 

concentration measured in each Mg-doped layer as a function of the Mg flux is reported in 

Figure 3.14(c) and (d).  

 

Figure 3.14: SIMS measurements of (a) the GaN:Mg, and (b) the (Ga,In)N:Mg calibration samples revealing the 

Mg and Al concentration profiles. (c), (d) are the Mg concentration dependence of the Mg flux measured in (a) 

the GaN:Mg and (b) the (Ga,In)N:Mg calibration samples. 

For the GaN:Mg calibration sample, the Mg concentration increased from 9.2 × 1018 cm-3 to 

1.7 × 1020 cm-3 as the Mg flux was increased from 2.9 × 10-9 Torr (260 °C) to 1.9 × 10-8 Torr 

(310 °C). Then, the Mg concentration suddenly decreases to the 1018 cm-3 range for Mg fluxes 

between 2.3 × 10-8 Torr, and 4.3 × 10-8 Torr. For further increase of the Mg flux, the Mg 

concentration increases again, but with a smoother slope. The sharp drop in the Mg 
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concentration suggestion inversion of surface polarity [13], [94]. Similar to this result, Ptak et 

al. [12] reported Mg concentration drops from ~1020 cm-3 to ~1018 cm-3 due to polarity 

inversion. These measurements revealed that the Mg concentration could be increased in Ga-

polar GaN up to 1.7 × 1020 cm-3 at the Mg flux of 1.9 × 10-8 Torr without polarity inversion in 

agreement with former reports [10]–[12]. For Mg supplied flux exceeding the value of 1.9 × 

10-8 Torr, the polarity starts to locally change, leading to a sudden decrease in the Mg 

concentration until the polarity change is completed for a Mg flux of 7.5 × 10-8 Torr. In N-

polar GaN, Mg concentration was reported to be 15 up to 20 times lower than in Ga-polar 

GaN [12]. Thus, the lower incorporation rate of Mg in N-polar GaN leads to significant 

difference in the conversion factor of the Mg concentration. Beyond the critical flux for the 

polarity inversion, Mg concentration increased again, but only slightly with a further increase 

of Mg flux in the newly formed N-polar GaN.  

For the (Ga,In)N:Mg calibration sample, the Mg concentration almost continuously increases 

with the Mg flux. No change of polarity was observed, as it would be associated to a 

significant drop of Mg concentration. Even for the maximum Mg concentration (2.0 × 1021 

cm-3), that is about one order of magnitude higher than the value of 1.7 × 1020 cm-3 reached in 

GaN such drop was not observed. This increase in Mg concentration is expected as the growth 

temperature was lower for the growth of the (Ga,In)N samples, which increase incorporation 

of Mg [13]. In addition, In should ease Mg incorporation [58]. However, for Mg supplied flux 

exceeding the value of 3.2 × 10-8 Torr, the polarity locally changes from Ga- to N-polarity. It 

has been reported that in InN:Mg, even if the polarity is inverted for Mg flux larger than 2.9 × 

1019 cm-3, no clean Mg concentration drop was observed [59]. Thus, these results reveal that 

the conversion factor of Mg concentration was the same or similar for Ga-polar, and N-polar 

(Ga,In)N. Additionally, compared to GaN, Mg concentration for Mg flux of 1.3 × 10-8 Torr 

(300 °C) increased from 1.0 × 1020 cm-3 to 7.5 × 1020 cm-3 for Ga-polar surface. It has been 

reported that In adlayer on the surface act as a surfactant and increases the Mg incorporation 

[58]. According to the calibration samples, such increased efficiency is achieved. 
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4. Influence of Mg doping on In adsorption and on the 

properties of (Ga,In)N superlattices 

P-type conductivity of InN:Mg and (Ga,In)N:Mg layers has been reported [7], [8], [12], [59], 

[95] in the literature, but little is known concerning the effect of Mg on In incorporation. In 

this chapter, two different sets of experiments were designed to investigate the mechanisms 

ruling the incorporation of In desorption in presence of Mg. In the first section, the desorption 

of In is investigated in-situ by QMS to evaluate the kinetics of In in presence of Mg either 

with or without N supply. In the second section, a set of SL heterostructures grown by MBE is 

investigated in detail by QMS, AFM, X-ray diffraction (XRD), Raman spectroscopy, 

photoluminescence (PL), cathodoluminescence (CL), SIMS, and wet etching in KOH solution 

to correlate the effect of Mg doping on the their structural, chemical, and optical properties of 

the samples. 

4.1 Investigation of Mg effect on In incorporation without and with Nitrogen supply 

To understand the impact of Mg on In incorporation, series of in-situ experiments were 

conducted. In these series, the Mg, In and N fluxes were supplied in different sequences on a 

GaN(0001) template. Line-of-sight QMS was utilized to monitor the desorption signal of Ga, 

In, and Mg from the substrate surface. The Mg flux was set to 4.2 × 10-8 Torr, and the N and 

In supply rates were set to 9.0 nm/min and 7.3 nm/min in GaN growth rate units, respectively. 

The substrate temperature was set 580 °C. The N shutter was opened 20 s before and closed 

20 s after the metal flushes in order to stabilize the QMS signal. Effect of the N plasma on the 

background level of N signal is illustrated in Figure 4.1(a). The signal difference due to the N 

(gray shaded area) is labeled as “Δsignal”. Opening the N shutter 20 s prior opening the shutters 

of the metal cells allows to disentangle this artifact from the measurement. The In shutter was 

open for 20 s (12 MLs). The 115In and 24Mg signals were monitored by QMS, but no signal 

change was observed for 24,25,26Mg due to the relatively low growth temperature and overlap 

with the 32N2 signal. Consequently, only the 115In signal is reported.  

Figure 4.1(b) sketches the different sequences of metal desorption. For experiments 1 – 3, 

either In, or In and Mg fluxes were supplied in vacuum, while experiments 4 – 6 mimic 

experiments 1 – 3 with an additional supply of N. Experiment 1 which corresponds to the 



46 

 

supply of only In on the GaN(0001) surface was utilized as a control experiment. Experiment 

2 was designed to investigate the effect of Mg on In adsorption when both metal species are 

supplied simultaneously. Finally, in experiment 3, the GaN surface was first exposed to the 

Mg flux for 5 s, and after closing the Mg shutter, subsequently to the In flux. Figure 4.1(c) 

presents the superimposed In desorption signals acquired during these three experiments. A 

small increase (decrease) of 115In signal is observed just after the N shutter is opened (closed). 

This is an artifact stemming from the correction offset in the In desorption rate as the N 

plasma opening and closing induces a change in the partial pressure.  

 

Figure 4.1: (a) Effect of N flush (gray shaded area) on the background signal of In. The signal difference is 

labeled as “Δsignal”. (b) Supply sequences for the N, In, and Mg fluxes monitored by QMS, represented by gray, 

pink and blue bars. (c) 115In desorption signal monitored during a full period with different flux supply 

sequences. In (b) the difference between the In desorption levels for the In supply and the desorption tail is 

labeled with “Δdesorption” and “Δadlayer” and the difference between the In desorption levels is labeled “Δincorporation”. 

The red shaded area corresponds to the In supply time. The gray shaded area indicates the N supply time.  

For all experiments, two main phases are observed. As the In shutter opens, a sudden increase 

of the 115In signal to a maximum level occurs (“In supply” phase). For 115In, it has been 

already reported that the maximum desorption level measured by QMS is dependent on the 

substrate temperature and follows an Arrhenius law [75]. For experiment 1, the maximum 

level is maintained as long as In is supplied. At closing the In shutter, the In signal 
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immediately decreases to an intermediate level attained after 5 s, before reaching the 

background level again after about 75 s (“Desorption tail” phase). This measurement is 

explained as follows. At the temperature of 580 °C, the supplied In rate exceeds the maximum 

desorption rate possible (0.9 nm/min) [75], and In atoms that cannot desorb, accumulate at the 

surface in the form of an adlayer. After the In shutter is closed, the desorption of the adlayer 

occurs and it takes 75 s for the signal to recover its background level. In the case of 

experiments 2, and 3, no significant difference is observed. The In signal in the experiment 1 

– 3 reaches the same value as the In shutter is opened. However, in contrast to experiment 1, 

for experiment 2 and 3, the In signal slightly decreases during the In supply which is 

highlighted as “Δdesorption” in Figure 4.1(c). Therefore, the presence of Mg might increase the 

coverage of In on the GaN(0001) surface by increasing the probability of finding an 

adsorption site which is defined by the following formula [27]: 

 
(4.1) 

where ra is adsorption rate, p is the partial pressure of the adsorbing gas, σ is the condensation 

coefficient taking into account of the crystal orientation and the energy for the 

accommodation of the absorbed atoms, f(Θ) is a coverage-dependent function that describes 

the probability of finding an adsorption site, and the exponential part is the temperature-

dependent Boltzmann term associated with the adsorption energy. After the In shutter is 

closed, during the desorption tail, the accumulated In adlayer desorbs with a slight increase 

(Δadlayer). This mechanism is illustrated in Figure 4.2(a). It is important to note the slight 

decrease of the In supply level and the slight increase of the desorption tail level for 

experiment 2 and 3 compare to experiment 1, inside the error margin of the measurement. 

However, calculation of Δdesorption and Δadlayer leads to similar results which support the idea 

that the In absorption is increased by the presence of Mg.  

In experiments 4 – 6 where N is additionally supplied, the two phases of the In desorption 

signal described above are presented in Figure 4.1(c). Two significant features are evident. 

First, the maximum level of the In desorption signal in experiment 5 where In and Mg are 

supplied simultaneously is increased by 15% compared to experiments 4 and 6. Thus, this 

finding possibly results from the competition between In and Mg for the adsorption sites at N 
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Figure 4.2: Atomic model for experiments (a) 1 – 3, and (b) 4 – 6. (a) During the In supply, impinging In atoms 

form either an In adlayer or desorb from the surface. After the In shutter is closed (20 s), In adlayer desorption 

occurs. The time scale refers to these two phases: “In supply”, and “desorption tail”. The flux difference between 

the experiments is marked as Δdesoprtion, for In supply, and Δadlayer for the In desorption tail. (b) During N supply, 

impinging In atoms incorporate at free bonds of N. For Exp. 5 simultaneous supply the presence of Mg changes 

the number of free N bonds available for In, and the In incorporation rate changes. The flux difference of the In 

desorption between experiments 5 and 4, 6 is marked as Δincorporation. The In, N and Mg atoms and layer 

incorporation are highlighted with red, gray, blue, and green color, respectively. The scale bar of the In surface 

coverage illustrates the relation between the impinging, desorbing, and incorporating In atoms on the surface.  
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dangling bonds and the inhibition of In adsorption in presence of Mg and N [Figure 4.2(b)] 

[58], [96]. Note that a similar effect was first reported for the growth of GaN:Mg [9]. For 

experiment 6, Mg is supplied before In and incorporates with N. Thus, the desorption of In is 

not affected by the presence of Mg, during the supply of In similarly to experiment 4. 

The growth of SLs in presence of Mg supply at different times of the period, confirms these 

results as will be shown in section 4.2.1. Second, the level of the desorption tail is the same 

for experiments 4 – 6, which may be attributed to the fact that the supplied Mg is fully 

incorporated into the GaN matrix when the In shutter is open. Thus, the level shift observed 

for the desorption tail of experiments 1 – 3 is not observed for experiment 4 – 6 because Mg is 

possibly fully incorporated in the crystal and not present in the adlayer.   

4.2 Synthesis of superlattices with different Mg doping sequences 

After the investigation in situ of the effect of Mg on In absorption, different structures were 

designed and grown with different Mg supply sequences in order to also study ex situ the 

effect of Mg on (Ga,In)N/GaN SLs. Figure 4.3 illustrates the structure of the samples grown 

on conventionally available Al2O3/n-type GaN substrates with (0001) orientation. All the 

samples were grown at 610 °C in condition of metal excess. The N, In, and Ga growth rates 

were fixed to 10.0 nm/min, 5.7 nm/min, and 7.8 nm/min, for samples A and B, and 10.0 

nm/min, 8.7 nm/min, and 10.8 nm/min in GaN growth rate units for samples C – I, 

respectively. For all samples, the Mg flux was set to 6.2 × 10-9 Torr that corresponds to a 

nominal concentration of 8 × 1020 cm-3ML-1. 100 nm thin GaN buffer layer was grown for all 

samples to improve growth quality. Samples A and B are 100 nm and 200 nm thick (Ga,In)N 

layers grown as “random alloy” that were chosen as reference samples. Sample C – I are SL 

samples with ten periods of (Ga,In)N/GaN layers with a different implementation of Mg. For 

sample C, no Mg was supplied while samples D – G had the same nominal structure as 

sample C, but Mg was supplied either during the whole period (sample D), the GaN barrier 

only (sample E), the first 20% of the GaN barrier (sample F), or the QW only (sample G). 

Samples H and I are delta doped SL samples in which Mg was implemented by closing the Ga 

and In shutters, and supplying only Mg and N during the growth for a time corresponding to 

the thickness of 1 ML. For sample I, however, no In at all was supplied, i.e. sample I was a 

GaN delta doped sample. 
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Figure 4.3: Sketches of the nominal sample structures fabricated for ex-situ characterization. Samples A and B 

are thick (Ga,In)N random alloy layers, samples C – H are SLs with ten periods and sample I is a GaN delta 

doped sample as described in the text. Due to the high InN decomposition rate and In desorption at 610 °C, 

(Ga,In)N quantum sheets of only 1 ML with a maximum In content of about 0.33 are expected to form [18], [19]. 

Undoped layers and Mg-doped layers are represented by blue and orange shaded area, respectively.  

 

 

Figure 4.4: Sketch of one growth period of the SLs. Labeled boxes represent to the “open” state of the 

corresponding cell during growth. 
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Table 4.1: Nominal Mg concentration calculated from SIMS measurement based on equation (4.2) in samples A, 

C – I. The samples are ordered with increasing Mg supply. 

The formation of SLs requires a slightly different growth approach than the formation of thick 

(Ga,In)N layers. For SL growth, each period started by the simultaneous supply of In and N 

with a nominal thickness of 20 MLs for the formation of the (Ga,In)N QW. Indeed, due to the 

high InN decomposition rate and In desorption at 610 °C, (Ga,In)N quantum sheets of only 1 

ML with a maximum In content of about 0.33 are expected to form [18], [19]. Next, the Ga 

shutter was opened and the In shutter was closed to start the growth of 10 nm thick GaN 

barrier layer. After the GaN layer was completed, all shutters were closed to desorb the excess 

In metal from the surface. The In desorption was monitored by QMS. Importantly, it is 

essential to start the new period with a surface “dry” from metal, first to avoid In 

accumulation along the vertical stack, and second to avoid In pull out by Ga atoms that could 

remain at the surface before the formation of the next QW. However, the evaporation of Ga 

metal from the surface is almost negligible at 610 °C. Therefore, the N shutter was opened for 

25 s after the complete In desorption to deplete the excess Ga by forming additional GaN of 

maximum thickness 3.8 nm corresponding to the N supply thickness during this time. This 

process was closely monitored by LR, and QMS [19]. Figure 4.4 presents the growth process. 

The total amount of Mg concentration for each sample was calculated based on SIMS 

measurements of calibration layers described in section 3.3.5.3 to evaluate the effect of Mg on 

the structural and electrical properties of the samples. The calculated values, presented in 

Table 4.1, are evaluated as explained in the following. The Mg concentration per ML 

measured by SIMS ([MgSIMS]) either in GaN or in (Ga,In)N matrices with In content 0.02 was 

multiplied by the number of supplied MLs of (Ga,In)N, GaN, or MgN layers (nMg MLs) in the 
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samples under investigation, that were grown at the same temperature and with identical 

fluxes. This number was divided by the actual period thickness in MLs determined after 

growth by XRD (nXRD) measurements as discussed section 4.2.2.3. The following formula 

summarizes the above calculation of the nominal Mg concentration in the samples 

([Mg]nominal): 

. 
(4.2) 

4.2.1 In-situ characterization 

4.2.1.1 In-situ monitoring of the In and Mg desorption by QMS 

For samples C – I, the In desorption signal was recorded in situ by line-of-sight QMS during 

the whole growth time. The results of the measurement are showed in Figure 4.5. The 115In 

desorption signal over the first period of growth is plotted in Figure 4.5(a). Similar to the 

experiments presented in section 4.1, for sample C, the In desorption signal reaches a 

maximum level, and stays steady as long as the In shutter remains open. Then, upon closing 

the In cell, the In level drops with time. For all the samples, In desorption reaches the same 

maximum level as the undoped sample (sample C) except for samples D and G, that are those 

for which Mg was supplied simultaneously to In. Compared to sample C, the In desorption 

maximum for sample D and G was increased by 27.1% and 27.9%, respectively. Again, this 

result may be attributed to the fact that both Mg and In occupy the same cation lattice sites in 

GaN [8], [9], [38]. When both Mg and In are supplied simultaneously, Mg may segregate at 

the surface and inhibit the occupancy of In at the surface, similarly to the Mg surfactant effect 

reported during the growth of GaN(0001) doped with Mg [13]. In turn, the In incorporation is 

reduced and the In desorption increases [Figure 4.2(b)] as already observed in section 4.1 for 

experiment 4.  

However, note that for sample D, the maximum In desorption level during the InN supply of 

the 2nd – 10th periods, dropped to a level similar to the one of sample C [Figure 4.5(b)]. A 

possible explanation is that (Figure 4.6) during the GaN:Mg growth of previous periods, 

unincorporated Mg atoms segregate and accumulate on the surface [9]. Therefore, during the 

subsequent In supply, segregated and supplied Mg atoms in the In adlayer reach an increased 
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level that may increase the In adlayer coverage as described in section 4.1 for experiment 2 

and 3. Furthermore, this increase in In coverage may have yield the decrease of the In 

desorption to a level similar to the one of sample C [Figure 4.5(b)]. During the desorption tail, 

the unincorporated In adlayer desorbs with a maximum level comparable for all samples 

[Figure 4.5(c)].  

 

Figure 4.5: In desorption results recorded by line-of-sight QMS. (a), (b) In desorption signal of the (a) first, and 

(b) second periods of the SL samples C – H. The open state of the In and the Ga shutters are marked with a red 

and green shaded area, respectively. (c) In desorption during the InN supply stage and the desorption tail stage 

averaged over 2nd – 10th periods. 

The reduction of In incorporation in presence of Mg was also reported by Gherasoiu et al. for 

thick (Ga,In)N layers [96]. Below, in section 4.2.2.3, the determination of the In content in 

these samples by XRD to verify the QMS measurements. As the In content measured in the 

(Ga,In)N QWs with 1 ML thickness was 0.18 in sample C and it decreased to 0.05 in sample 

D.  

The In desorption signal averaged over 2nd – 10th periods is shown in Figure 4.5(c). The graph 

displays two different phases: InN supply, and desorption tail. The area below the In 

desorption signal, recorded by QMS was integrated on the one hand over the time of InN 
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supply, and on the other hand over the time for which the desorption tail was observed. For 

the InN supply phase, the In desorption of samples F and H did not changed in respect to 

sample C. However, for samples D and G, the In desorption increased by 15% and 23% 

compared to sample C. The possible reason for this result was discussed earlier in this section 

and attributed to the fact that both Mg and In occupy the same cation lattice sites in GaN [8], 

[9], [38]. Furthermore, for the desorption tail, the In desorption of samples D, E, F, and H 

increased by 26%, 22%, 16%, and 18% compared to sample C, respectively. As in samples D 

– F, and H Mg was supplied during the desorption tail, the In desorption increased. In 

contrast, for sample G, the In desorption decreased by 11% relative to sample C. 

 

Figure 4.6: Atomic model for sample D during the QW growth. For the first period, Mg inhibits In adlayer and 

incorporates in the same lattice site as In. After the first period, unincorporated Mg possibly segregates on the 

surface due to the previously grown GaN:Mg and increase the In adlayer coverage. The flux difference of In 

desorption between the experiments is marked as Δadlayer, The In, Ga, N and Mg atoms and incorporation are 

highlighted with red, white, gray, blue, and green, respectively. The scale bar of the In coverage illustrates the 

relation between the impinging, desorbing, and incorporating In atoms on the surface. 

4.2.1.2 Post growth surface reconstruction assessed by RHEED post growth 

RHEED has been utilized during the growth of all the samples to monitor the growth modes. 

A characteristic streaky RHEED pattern was observed systematically guarantying smooth 

surface. The lattice constant was not monitored because the samples were continuously 

rotated in order to achieve homogeneous growth. After growth and cool down of the sample 
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below 200 °C, diffraction patterns were acquired to evaluate the surface quality and the 

surface reconstruction information on the samples polarity [79] as discussed in section 3.3.4.  

A 1 × 1 reconstruction was observed for samples A, B, and D – F, while samples C, and G – I 

exhibited a 3 × 1 reconstruction. RHEED patterns for samples H and E are exemplary shown 

in Figure 4.7 (a), (b), and (c), (d), respectively. The streaky patterns indicated a rather smooth 

surface. However, while the 1 × 1 reconstruction is reported for Ga polar growth under Ga 

excess for the laterally contracted Ga bilayer [79], the 3 × 1 reconstruction as observed here 

has not been reported in the literature so far. All the samples exhibiting such surface 

reconstruction had in common that their last surface layer was unintentionally doped GaN. As 

it is explained in the section 3.3.4, Mg can induce an inversion from Ga to N polarity, which 

should result in a clear 3 × 3 reconstruction. However, this reconstruction was not observed 

under our growth conditions. Note that, since the 3 × 1 reconstruction is unknown, it may 

correspond to either surface polarity. 

 

Figure 4.7: RHEED patterns of samples H (a), (b) and E (c), (d) recorded after growth below 200 °C. The 

patterns in (a), (c), and in (b), (d) corresponds to the 〈112�0〉 and the 〈11�00〉 azimuths, respectively. In (a), the red 

arrows indicate fractional order streaks.   
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Figure 4.8: AFM images of (5 × 5) µm2 area of sample A – I. The RMS roughness measured on an area of (5 × 

5) µm2 is indicated at the bottom left of each panel. The inset in (g) illustrates a (1 × 1) µm2 area of sample G. 

The dotted circles in (a) and (b) point to droplet traces. 
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4.2.2 Ex-situ characterization 

4.2.2.1 Surface morphology investigated by AFM 

Figure 4.8 presents the AFM images acquired on a (5 × 5) µm2 areas of samples A – I. The 

formation of a defective surface with 3D features and hillocks was observed on samples A and 

B which are the thick (Ga,In)N layers. Their roughness was about 2.4 nm and 4.5 nm, 

respectively. Thus, it almost doubled with the sample thickness. Although the growth was 

carried out under metal excess conditions, this rough morphology rather corresponds to N 

excess growth. A possible explanation is the presence of Mg that segregates at the sample 

surface and suppresses the formation of the Ga metal adlayer and promotes the formation of 

droplets [13]. In fact, droplet traces were also observed in Figure 4.8(a) and (b).  

Samples C, and F – I had the smoothest surface with a RMS roughness in the order of 1 nm. 

All these samples have in common that the top surface layer is GaN. The surface of samples 

C, F – I was characteristic of the step flow growth mode under metal excess growth [73], [97]. 

Atomic steps were well resolved. Note that sample G presented additional tiny islands but its 

surface still remained very smooth [inset of Figure 4.8(g)]. Spiral hillocks were also observed, 

revealing the presence of threading dislocations [73] with the density of 2 × 108 cm-2, which 

corresponds well to the nominal dislocation density of the GaN templates. These results 

reveal that the metal excess growth condition of the GaN barriers, followed by the N exposure 

to consume the excess of Ga, promoted the formation of smooth and dry surfaces, even at the 

growth temperature of 610 °C, which is usually rather low to obtain good GaN structural 

quality [98]. 

On the other hand, the RMS roughness values of samples D and E was two times higher than 

the one of sample C. Their surfaces had a porous aspect, but atomic steps were still 

observable. As the surface layer of the samples is composed of GaN:Mg, their rougher surface 

could possibly have suffered from Ga-adlayer inhibition [13] similarly to samples A and B. 

4.2.2.2 Polarity determination by KOH wet etching 

Mg doping of WZ(0001) III-Nitrides can cause polarity inversion beyond a certain doping 

level of Mg during growth as mentioned in section 3.3.4. As shown in section 3.3.5.3, this 

critical level was attained in the GaN samples prepared for the SIMS calibration for Mg fluxes  
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Figure 4.9: AFM images of (5 × 5) µm2 area of sample A – I after 1 min of wet chemical etching with KOH. 

The RMS roughness measured on an area of (5 × 5) µm2 is indicated at the bottom left of each panel. The dotted 

circles in (a) and (b) point to droplet traces. 
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higher than 1.9 × 10-8 Torr. For higher fluxes, we also observed a dramatic drop in the Mg 

incorporation that we related to the inversion of the polarity. This mechanism could therefore 

yield very different morphological, structural, and electrical properties of the samples. In the 

case of the present samples, we kept the Mg flux at the value of 6.5 × 10-9 Torr i.e., below the 

limit for polarity inversion in GaN. However, as the Mg incorporation is probably different in 

InN, GaN or also delta doping, polarity inversion may still have occurred. 

Therefore, in order to complement the RHEED analysis and to investigate further the polarity 

of these samples, we have carried out KOH wet etching of the latters [87]. This method is a 

quick way to reveal N-polar surfaces formation that are etched by KOH while Ga-polar 

surfaces should remain unaffected, as illustrated in section 3.3.4. 

To this aim, a solution of 1:10 KOH:H2O was used to etch the surface of the samples 

following the procedure explained in section 3.3.4. All samples were dipped for 1 min at RT 

and rinsed with deionized water immediately after in order to stop the chemical reaction. (5 × 

5) µm2 AFM scans were acquired to compare the surfaces after etching (Figure 4.9) with the 

surfaces obtained directly after growth (Figure 4.8). No abrupt surface change was observed 

for any sample. Therefore, this result suggests that all the samples under consideration are Ga-

polar. Note that after etching, the RMS roughness decreased up to two times compared to the 

one of the as grown samples. Hellman et al. [87] estimated that the etching rate for Ga-polar 

surface, is approximately 1 nm/min. Thus, the lower RMS roughness obtained after etching 

can possibly be explained by the polishing of Ga-polar surface. Though, additional particles 

were revealed after the etching of samples C – E, the characteristic morphology of all the 

samples remained.  The islands at the surface of sample G and the spiral hillocks were still 

found with the same density, and the atomic steps were still well resolved. 

Only a slight change was observed for samples A and B. The grains became more faceted and 

reduced in size. This can be explained by the fact that KOH can penetrate more easily into the 

cracks or voids present at the surface compared to atomically smooth surfaces. Indeed, the 

side walls of cracks and voids have a surface orientation different than the (0001) surface and 

possibly a faster etching rate. This effect might theirs be caused faceting and formation of 

smaller grains. 

For samples A – I, the results of RHEED, AFM, and KOH wet etching are summarized in 

Table 4.2. Unintentionally doped GaN as a top layer exhibited a smooth surface, lower RMS 
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roughness, and a 3 × 1 reconstruction except for sample F that had a 1 × 1 reconstruction. 

Furthermore, GaN:Mg surface promoted a rougher surface and the 1 × 1 reconstruction. None 

of the samples exhibited a drastic change of the surface morphology after etching which 

suggests that they have the Ga-polarity. 

 

Table 4.2: Summary of RHEED, AFM, and KOH wet etching results for samples A – I. 

4.2.2.3 Structural characterization by XRD 

XRD is a non-destructive method to investigate the composition, thickness, and interface of 

SLs [85]. The data were acquired by PANalytical X’Pert system with CuKα1 radiation using a 

Ge(220) hybrid monochromator, and a Ge(220) analyzer crystal for diffraction measurements. 

Figure 4.10 presents the ω-2θ scans around the GaN(0002) reflection of the samples. For all 

samples, a characteristic sharp Al2O3(0006) peak at 20.85 ° related to the GaN/Al2O3 template 

and the GaN(0002) peak at 17.28 ° were observed. For sample A and B that were the thick 

(Ga,In)N layers doped with Mg, only a clear shoulder appeared at lower angles than the 

GaN(0002) peak position, which was characteristic for (Ga,In)N layers with 2%, and 1.8%, 

respectively (Table 4.3). For samples C – I, the SLn satellite peaks appeared on both sides of 

the GaN(0002) reflection due to the structure periodicity. Though periodicity of the satellites 

was mainly determined by the GaN barrier thickness, the number, width, and intensity of the 

satellites varied from sample to sample, which is pointing to different In incorporation and 

interface roughness of the SL structures. Dynamical simulations were done utilizing the X-

Pert software to assess the In content assuming fully strained structures. This point was also 

verified by reciprocal space maps of the samples (Figure 4.11). Table 4.3 presents the results 

of the simulations. Considering the analytical approach, by summing the scattered X-Rays 

from each atomic plane, the intensity (IXRD) of the satellites, for example of an (Ga,In)N/GaN 

SL structure, can be calculated as follows [99]: 
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 (4.3) 

where Г is an interference function from the periodicity of the SL, α(Ga,In)N, and αGaN represent 

Bragg-type scattering from the (Ga,In)N and GaN layers, respectively, and α(Ga,In)/GaN is an 

interference term due to scattering between the (Ga,In)N and GaN layers. 

 Г, αi, with i being (Ga,In)N or GaN, and α(Ga,In)N/GaN can be written as follows: 

 
(4.4) 

 
(4.5) 

 
(4.6) 

where k = 2sinϴ/λ, ttot is the total thickness of one period of the repeating structure, Ni is the 

number of atomic planes, di is the atomic plane spacing, and fi is the mean atomic scattering 

factor of the layer i [99].  

The direct relation between the intensity of the SL peak and the atomic plane spacing can be 

derived from equations (4.3) and (4.5). Thus, the relative intensity of the SL+n set compared to 

the one of the SL-n set gives the information on the local atomic plane spacing. Considering 

the samples where Mg was supplied either simultaneously to InN (samples D, and G), or as a 

pseudo layer of MgxN1-x (samples H, and I), the intensity of the positive SL+n satellite set is 

higher than the intensity of the SL-n satellite set at angle lower than SL0. This finding possibly 

indicates a compressive strain effect of the Mg supply on these samples. In contrast, for the 

samples where Mg was supplied simultaneously to GaN (samples E, and F), the relative 

intensity of the SL-n/SL+n set is the same as for the undoped sample C, i.e. the strain status 

should be similar. Besides, samples D and F had broader satellite peaks with less intensity. 

This result indicates the increased interface roughness of the heterostructures, in agreement 

with the AFM measurements from section 4.2.2.1.  
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Figure 4.10: ω – 2θ scans of samples A – I around the GaN(0002) reflection. The scans have been shifted 

vertically for clarity. The simulation curves (gray) are superimposed with the measurement data in colors. SLn 

labels refer to the order of the satellite peaks. The Al2O3(0006) and GaN(0002) peaks are also labeled in the 

graph.  
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In order to get a deeper understanding of the effect of Mg supply on the structural properties 

of the samples under investigation, PANalytical X’Pert Epitaxy software was used to simulate 

the ω-2θ scans. For samples A – I fits were achieved with an uncertainty of ±0.01 on the In 

content compared to the nominal structure described in Figure 4.3. In order to obtain 

satisfactory fit of the spectra of samples D, G – I, fictive (Al,Ga,In)N layers with fixed Al 

(0.55) and varying In contents and with thickness 1 ML were utilized in the model, as it was 

not possible to simulate directly layers doped with Mg. This method provided a qualitative 

understanding on the effect of Mg by comparing the results of the fit and the In content for 

samples D and G – I. The In contents inside the (Ga,In)N layers resulting from the method are 

reported in Table 4.3. The simulation revealed that, though binary InN was supplied, only 

(Ga,In)N QWs with thickness of 1 ± 0.5 ML were obtained. In addition, the maximum In 

content in the (Ga,In)N QW was x = 0.18 that was obtained for the undoped sample (C). For 

the samples for which Mg was supplied, the simulation revealed a decrease in the In 

incorporation. The decrease was the most severe when Mg was supplied simultaneously to In 

(samples D, and G), and the In content inside the (Ga,In)N ML fell below x = 0.08. In 

contrast, for the samples where Mg was supplied in GaN or as a MgxN1-x layer, the In content 

was higher with x = 0.15 (samples E, F, and H).  

 

Table 4.3: In content of the samples A – I. Samples are ordered with increasing In amount from bottom to top. 

Asymmetrical (101�5) reciprocal space mappings (RSM) were performed to investigate further 

the strain status of the samples on two samples that were chosen as they either had the highest 

In content (sample C) or exhibited stronger compressive strain (sample G) (Figure 4.11). The 
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maxima of the reciprocal lattice points related to the SLs were all on a vertical line 

intersecting QxGaN for both samples, which revealed coherent growth. Moreover, the higher 

intensity of the SL+n set for sample G compared to sample C was also visible. Thus, this 

measurement supports the finding that Mg doping locally induces a change of the lattice 

constant. 

 

Figure 4.11: Reciprocal space maps of samples (a) C and (b) G across the GaN(101�5) reflection. The vertical 

dashed line indicates the value of QxGaN. Maxima of the reciprocal lattice points related to GaN and SLn are 

marked.  

4.2.2.4 Secondary ion mass spectroscopy measurements 

SIMS measurements were performed at RTG Mikroanalyse GmbH to verify the Mg 

concentration and In content in the (Ga,In)N/GaN SLs presented in section 4.2, and 4.2.2.3 

with ± 1 nm accuracy in depth. Figure 4.12 illustrates the SIMS measurements of the Mg and 

In concentration profile for samples B, E, G, H and I. Note that the first 20 nm of the 

measurements were not reliable due to the stabilization of the instrument and surface charging 

effect.  

Figure 4.12(a) presents the Mg concentration along the first 120 nm from the surface. For the 

(Ga,In)N:Mg layer (sample B), as expected, a constant Mg concentration was revealed except 

for last 50 nm towards the surface where it decreased slightly. In contrast, the Mg 

concentration profiles of the SL samples E, G, and H exhibited oscillations with a period  
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Figure 4.12: (a) Mg and (b) In concentrations for samples B, E, G, and H measured In concentration acquired by 

SIMS with ± 5 nm accuracy in depth. The surface, 1st, 5th, and 10th period of SL are labeled in the graphs. For 

samples B, E, and G, abrupt drop near the surface is an artifact of the measurement instrument. The 

measurements were conducted by RTG Mikroanalyse GmbH. 
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corresponding nearly to the one of the Mg doping sections. Note that all the samples 

presented an additional peak at the interface between the GaN buffer and the first GaN barrier. 

This peak was located at around 110 nm for the SLs samples and at about 200 nm for the 

(Ga,In)N:Mg layer (not shown). This peak resulted from the unintentional incorporation of 

Mg during the growth interrupt necessary to set the growth temperature for the (Ga,In)N as 

Mg may have accumulated on the manipulator along the growth experiment or it could also 

possibly be flown back on the substrate surface by the action of the N plasma. For sample G, 

the Mg concentration oscillates regularly with a peak value of 1.0 × 1021 cm-3 [Figure 

4.12(a)]. For sample E, the Mg concentration display small oscillations steadily increasing 

with a maximum peak concentration of 7.7 × 1020 cm-3 for the first three periods. After the 

third period, the Mg concentration gradually decreased until the seventh period with 

maximum value of 7.7 × 1020 cm-3. For last three periods, the Mg concentration continued 

decreasing with a relatively smaller slope. This finding may be due to the fact that as Mg 

accumulates on the surface over the periods, and its sticking coefficient decreases [62]. 

However, the polarity of this sample might also have changed from Ga-polar to N-polar due 

to the fact that the measured Mg concentration was one order of magnitude higher than the 

threshold for polarity change described in section 3.3.5.3 although the nominal value of the 

Mg doping was set below this threshold. For samples H and I, for the first period, the Mg 

concentration peaked at 2.2 × 1020 cm-3 and 5.4 × 1020 cm-3, then after the first period, it 

dropped to the level of 1.3 × 1020 cm-3 and 1.8 × 1020 cm-3, respectively. For samples H, it 

remained at the same level along the rest of the periods. For sample I, the Mg concentration 

decreased gradually for last two periods. The possible reason might be the same as for sample 

E i.e. a decrease of the sticking coefficient or polarity inversion. However, note that the 

surface morphology of these samples was smooth (Figure 4.8), even after KOH etching 

(Figure 4.9) which rather suggests Ga-polar surfaces.  

Here in general, the maximum Mg concentration measurements were higher than the nominal 

supplied concentration obtained from the calibration. In order to have a closer look at the Mg 

incorporation, we have calculated the Mg concentration in (Ga,In)N/GaN SL structure 

following two ways. First, to compare our results with nominal Mg concentration in Table 4.1, 

we have applied the same (4.2) on results in Figure 4.12 [called “averaged Mg concentration” 

in Table 4.4(a)]. Furthermore, the “averaged Mg concentration” allows us to compare Mg 

concentration level with the results in the literature for the thick (Ga,In)N layers [14]. For 

sample E, the Mg concentration was two times lower than the nominal Mg concentration 
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presented in Table 4.1, due to the fact that Mg concentration was drastically changed from the 

first period to the last period. In a numerical example, for the first (last) three SLs, Mg 

concentration is 7.0 × 1020 cm-3 (4.6 × 1019 cm-3). For sample I, the Mg concentrations was 

similar to the one in Table 4.1. For sample B, the Mg concentration was similar to the 

calibration one in Table 4.1, as expected because this sample had a similar structure to the 

calibration sample presented in section 3.3.5.3. Furthermore, samples G, and H exhibited a 

Mg concentration that was 1.5 and 4.5 times as high as the ones in Table 4.1, respectively. The 

possible reason for the increased Mg concentration might be that for these samples Mg was 

supplied simultaneously or right after the In supply during the growth with the surface still 

covered by the In adlayer. Thus, In surfactant effect may have increased the incorporation rate 

of the Mg inside the crystal [58]. 

 

Table 4.4: (a) The Mg concentration of doped layers, and (b) the In concentration in the (Ga,In)N QWs (samples 

B, E, G, H, and I). 

Second, we have assumed that during the SL growth, supplied Mg only incorporated into the 

layers as described in the nominal sample structures in Figure 4.3, and segregation or 

diffusion of Mg does not occur [100]. Therefore, inside this set of samples, we have compared 

the different Mg doping strategies by the Mg concentration in the doped SL layer(s). 

Therefore, the “averaged Mg concentration” in Table 4.4(a) divided by the nominal thickness 

of the one period of SL in Figure 4.3 and multiplied with the thickness of the Mg doped layer. 

The result corresponds to the Mg concentration in the doped layer indicated in the second 

column of Table 4.4(a). Further, the Mg content in the doped layer was calculated by dividing 

the Mg concentration by the Ga concentration in GaN crystal [Table 4.4(c)]. Compared to 

sample B, sample E exhibited a slightly lower Mg content, that may be attributed to absence 

of In in this sample [58]. Though for sample H, the Mg content was slightly lower than for 

sample I, the total percentage of the foreign atoms inside the GaN crystal (x + y) was higher 

than for sample I. For GaN crystal, the maximum amount of substitutional foreign atom that 
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can be positioned on the cation site might be limited [8] and might be reached by 

simultaneous doping of Mg and In. The maximum Mg content was reached by sample G (y= 

0.58). Though, the surfactant effect of In increases the incorporation of Mg [58], [96], such 

Mg concentration level might be debatable according to the solubility limit of Mg [8]. 

However, recently, the (Ga,In,Mg)N alloys with wurtzite crystal structure demonstrated by 

XRD and high-resolution transmission electron microscopy (HR-TEM) measurements [96], 

[101]. These alloys also exhibited compressive stress which is consistent with the observation 

of larger relative intensity of the SL+n illustrated in Figure 4.10 [96]. Additionally, simulation 

results derived from XRD scans in Figure 4.10, suggest the formation of 1 ML of 

(Ga,In,Mg)N alloy. Concurrently, for sample G, the minimum point of the measurement is 

one order of magnitude increased in correlation with the maximum point of the measurement. 

During the incorporation process of Mg, additional to In surfactant effect on Mg, Mg can also 

displace Ga out of the lattice throughout the first few bilayers of GaN with a similar effect 

between Mg and In [96]. Therefore, additional Mg incorporation in GaN layer might occur 

which might lead to the increased background signal. Consequently, the increased background 

signal contributed to the final result. Accordingly, for sample G, the contribution of 

background signal into the final value of “Mg concentration inside the doped layer” in Table 

4.4(a) is estimated 50%. Unfortunately, because of inadequate resolution of the SIMS 

measurement and lack of HR-TEM scans, it is not possible to comment with the high level of 

confidence. For sample G, the abrupt desorption increase of In observed by QMS in section 

4.2.1.1 is also in parallel with In content drop. 

Besides, Figure 4.12(b) presents the In concentration along with the first 120 nm from the 

surface of samples B, E, G, and H. The In concentration oscillated at the depth of each QW 

and no additional peak was detected at the interface between the GaN buffer and the SL 

[Figure 4.12(b)]. For sample B, the In concentration remained constant at 7.4 × 1020 cm-3 over 

the whole (Ga,In)N:Mg layer except for the last 50 nm towards the surface where the Mg 

concentration decreased slightly. For samples G and H, the In concentration presented also 

regular oscillations corresponding to the (Ga,In)N QWs with a maximum value of 9.3 × 1019 

cm-3 and 3.3 × 1020 cm-3, respectively. These values were attained to each QW except one of 

the uppermost periods. For the period of samples G and H, the In concentration dropped to 3.8 

× 1019 cm-3 and 1.1 × 1020 cm-3, respectively. A possible reason for this effect might be the 

surface charging effect by the measurement instrument. For sample E, the In concentration 

remained constant for the first two periods and reached a maximum level of 2.7 × 1020 cm-3. 
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For the 3rd – 7th QWs, the In concentration maximum gradually decreased. For the 8th – 10th 

QWs, it increased back to a similar level to the 1st and 2nd QWs. These results revealed that 

Mg incorporation drastically changed due to the Mg sticking factor changed or polarity of the 

surface changed. Additionally, In incorporation was also changed due to the presence of the 

Mg during the growth. 

The In content in the (Ga,In)N layers was also calculated following the same method used to 

calculate the Mg content explained earlier in this section [Table 4.4(b)]. For all samples, the 

In content was found similar to the one determined by the XRD presented in Table 4.3. Thus, 

these results support the method developed to assess the In content from XRD in ML thin 

(Ga,In)N:Mg layers. In the next chapter (section 5.2.3), a similar result has been reached with 

another set of samples which proofed the repeatability of the results presented in this section. 

4.2.2.5 Photoluminescence spectroscopy measurements 

PL and electroluminescence (EL) are fast and accurate spectroscopy methods to probe the 

electronic structure of a sample. In these methods, the samples are optically or electronically 

stimulated by an external source in order to create electron-hole pairs. A photon can be 

emitted by an electron-hole pair through different recombination channels (section 1.3). This 

can be measured by an optical set up. The status of the strain, relaxation, relative dislocation 

density, and dopants can be extracted from emitted photons [43], [102]. Though EL 

spectroscopy is a more practical method for the characterization of LEDs, PL spectroscopy 

does not require any special sample preparation and is a non-contact measurement. Thus, for 

samples A, C, and G – I, PL spectroscopy was utilized to probe the concentration of free 

holes. 

Non resonant steady-state μ-PL spectroscopy experiments have been carried out in a Horiba 

Jobin Yvon Labram HR 800 UV setup at 10K by Miriam Oliva and Dr. Oliver Brandt at PDI. 

The 325 nm line (3.814 eV) of a Kimmon IK 3552R-G HeCd laser with a maximum power of 

30 mW was used for excitation. A monochromator with a focal length of 80 cm, equipped 

with a 600-lines/mm grating was used to disperse the PL signal. The setup was equipped with 

an ISA SPECTRUM ONE charge-coupled device (CCD) camera with (1024 × 256) pixels, 

which was cooled with liquid nitrogen for every experiment. 
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Figure 4.13: PL spectra of samples A, C, and G – I at 10K. The spectra were vertically shifted. The D0X, A0X, 

D0X-LO, A0X-LO, FXA,B,C, UVL band, and BL band are labeled. Please note the break in the energy axis and the 

two different scales before and after the break. The measurements were conducted by M. Oliva at PDI. 

The near-band-edge spectra of samples A, C, and G – I exhibited a donor-bound-exciton line 

(D0X) at 3.480 eV, and an acceptor-bound-exciton line (A0X) at 3.485 eV with different 

intensities (Figure 4.13) [102]. Additionally, for samples A, C, G, and H, a phonon replica of 

D0X (D0X-LO) or A0X (A0X-LO) was observed at 3.387 eV which was blue shifted to 3.403 

eV for sample I [102]. These peaks can be either D0X-LO or A0X-LO since experimental 

reports point to similar energies [103], [104]. For samples A, C, G – I, free-exciton states 

(FXA, FXB) were observed at 3.492 eV, and 3.511 eV, respectively. For samples H, and I, FXC 

was also resolved at 3.540 eV. For samples A, and G – I, a structureless broad band peak at 

about 3.1 – 3.3 eV was observed which is attributed to ultraviolet luminescence (UVL) band 

for GaN:Mg due to the transition from the shallow donors or the conduction band to the 

shallow donors with a potential fluctuation [105]. The intensity of the UVL band compared to 

the one of A0X possibly indicated  lightly Mg doping (up to ~8 × 1017 cm-3) which is three 

order of magnitude lower than the nominal values (section 4.2) [106]. This can be attributed 

to the additional peak observed for Mg concentration by SIMS in section 4.2.2.4.  
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Furthermore, for sample I, the blue luminescence (BL) band was barely resolved between 

2.85 eV and 3.10 eV. According to Reschchikov et. al. for MBE grown GaN:Mg layers, the 

BL band could not be always observed in contrast to annealed GaN:Mg layer grown by 

MOCVD where the BL band dominates the spectrum [105]. This finding is due to the fact that 

the BL band results transitions from VN donors to MgGa acceptors where VN was formed by 

dissociation from VNH complex after thermal annealing [107]. Thus, the formation of VN 

defects is less favorable in hydrogen-free MBE growth conditions. Though presence of the In 

in (Ga,In)/GaN SLs exhibited by SIMS in section 4.2.2.4, only sample C, the undoped 

(Ga,In)N/GaN, exhibited an intense emission at 3.31 eV, which is attributed to emission of the 

(Ga,In)N/GaN SPSL in contrast to Mg doped samples (A, and G – I) (Figure 4.13). This result 

can be attributed to the fact that Mg can act as a non-radiative recombination center in GaN 

[100] and decreases the emission efficiency of the QW, because of its energetic position in the 

band gap [108].  

As the PL signal could also originate from the GaN layers located below the SPSL since the 

latter were only 100 nm thick. CL spectroscopy with various electron beam energies was 

conducted to isolate the emission of SPSL layers from the lower GaN template. These 

measurements are presented in the next section 4.2.2.6. 

4.2.2.6 Cathodoluminescence spectroscopy measurements 

CL spectroscopy was carried out by Dr. Jonas Lähnemann at PDI with a Zeiss Ultra 55 field-

emission SEM, equipped with a Gatan monoCL4 system. The light from the sample was 

collected using a parabolic mirror, passed through a monochromator using a 1200 l/mm 

grating and 0.2 mm slit width and finally detected using a Si-CCD. The microscope was also 

equipped with a liquid-He cold stage and measurements were carried out at a sample 

temperature of 20 K. In order to change the probing depth, measurements were carried out at 

acceleration voltages of 3, 5, 7 and 10 kV, which corresponds to maximum penetration depth 

of the incident electrons of about 70, 150, 270 and 550 nm, respectively [109]. 
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Figure 4.14: Depth-dependent CL spectra of the samples A, C, and G – I with increasing acceleration beam 

voltage from 3, 5, 7 and 10 kV. The spectra were shifted vertically. The measurements were conducted by Dr. J. 

Lähnemann at PDI. 
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Figure 4.14 illustrates the CL spectra acquired for samples A, C, and G – I. For sample C, the 

spectrum at 3 kV exhibits the (Ga,In)N QW emission at 3.31 eV. This result is in agreement 

with the results from the PL spectrum in section 4.2.2.5. Furthermore, for sample C, none of 

the D0X, A0X, D0X-LO, UVL band, and BL bands was resolved. Thus, the SPSL layers 

exhibited only the emission of (Ga,In)N QWs without defect or dopant related emissions (i.e., 

D0X, and A0X). In contrast, for samples A, and G – I, no emission from the (Ga,In)N SPSL 

layers was observed. As mentioned in section 4.2.2.5, a possible reason for this result is that 

the doping with Mg quenched the luminescence of (Ga,In)N by creating non-radiative 

recombination channels [100]. With increasing the beam energy from 3 kV to 10 kV, the 

intensity of the D0X, A0X, D0X-LO, UVL, and BL bands, increased due to the larger probing 

depth of the electron beam that reached the undoped GaN template. For samples A, and G – I, 

the intensity of the UVL at 10 kV collected from the buffer layer below the SPSL indicated 

lightly doped GaN:Mg which may result from Mg memory effect in the MBE chamber [95].  

In summary, PL and CL spectroscopy measurements showed no parasitic emission for 

undoped (Ga,In)N/GaN SPSL. The emission of (Ga,In)N:Mg layers was quenched by non- 

radiative recombination centers. Additionally, the intensity of the UVL band indicated that a 

lightly doped GaN layer formed unintentionally below the SLs. This result was supported by 

the SIMS measurement illustrated in section 4.2.2.4. Therefore, for LED application undoped 

(Ga,In)N/GaN SPSLs should exhibit a suitable emission if implemented instead of the 

conventional QWs. In addition, Mg doped (Ga,In)N/GaN SPSL could also be a good 

candidate for p-layers on top of the AR as more Mg tend to incorporate in these structures as 

the nominal value and periodic doping profiles can be formed. 

4.2.2.7 Raman spectroscopy measurements 

Dr. Manfred Ramsteiner at PDI performed Raman spectroscopy measurements at RT in the 

backscattering configuration using the 473 nm line of a solid-state laser for optical excitation. 

The incident laser light was focused by a microscope objective onto the sample surface (spot 

diameter of approximately 1 µm). The backscattered light was collected by the same objective 

(confocal configuration), spectrally dispersed by an 80 cm spectrograph (LabRam HR 

Evolution, Horiba/Jobin Yvon) and detected with a liquid-nitrogen-cooled CCD. A spectral 

resolution of 1 cm-1 was achieved by using a dispersion grating with 1800 grooves/mm. The 

Rayleigh light was suppressed by a bandpass filter, and the Raman scattered light was not 
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analyzed for its polarization. Figure 4.15(a) shows the results recorded around the MgGa peak 

of GaN at 657 cm-1 [110] for sample A, and C – I. The spectra were normalized by the peak 

height of the E2
H mode of GaN at 568 cm-1 (not shown in the figure).  

 

Figure 4.15: (a) Raman spectra of samples A, and C – I. Dashed lines are Lorentzian fits to calculate the 

intensity, and the position of the peaks attributed to the LVMMg phonon mode. The peak positions are underlined 

by solid lines to indicate the shift of the LVMMg. The scans have been shifted vertically for clarity. Vertical (a), 

and horizontal (b) red dotted lines refer to LVMMg for the Mg-N bond peak at 657 cm-1 [110]. (b) Position and 

intensities of the peaks evaluated from the fits in (a). The samples are ordered with increasing [Mg] as 

summarized in Table 4.1 from bottom to top in (a) and from left to right in (b). The measurements were 

conducted by Dr. M. Ramsteiner at PDI. 

All the samples exhibit a broad and weak peak at 640 – 645 cm-1. This peak was already 

reported for GaN:Mg layers as a shoulder on the peak at 657 cm-1 [111]–[113]. However, it 

was also observed in undoped (Ga,In)N layers with 0.02 In content grown by MOCVD [114], 

and it was speculated to result from VN-based defects. As the undoped sample C also 

presented the same weak peak as the doped samples, it seems reasonable to attribute its 

occurrence to the VN defect. For samples A and D – I, the MgGa peak around the 657 cm-1 was 

relatively intense. The intensity and position of this peak changed from sample to sample. 

This peak results from the substitution of Ga atoms by Mg atoms which leads to a different 

vibration frequency than Ga-N bonds. Because their atomic vibrational nature has a limited 

range, these vibrational modes are called local vibrational mode (LVM). The LVMMg peak at 
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657 cm-1 has been experimentally observed by many groups and a linear relation of the Mg 

concentration was reported in the literature [110], [113].  

Figure 4.15(b) summarizes the intensities and shifts relative to 657 cm-1 of this peak. A 

Lorentzian fit was used to determine the exact position of the peak, which is marked with 

dashed lines in Figure 4.15(a). The results indicate that the position of LVMMg changed with 

increasing the amount of [Mg]. First, it shifted to lower wavenumber (655 cm-1) and beyond 

the sample F, it shifted back to higher wavenumbers up to 663 cm-1 (sample E). Latter, for 

sample A, and D, it redshifted to 660 – 661 cm-1. Such a shift was reported for MBE grown 

GaN samples [113], and MOCVD samples with post annealing [111], but its nature is still 

unknown. Furthermore, the intensity of LVMMg peak increased with nominal [Mg] up to the 

[Mg] concentration of 4.1 × 1020 cm-3 (sample G). Beyond this concentration, the peak 

intensity decreased again for samples A, D and E. A broadening of the peak was also observed 

to vary inversely to the intensity. While the increase in intensity can be explained by the 

increase of the amount of [Mg] [110], the decrease is still not clear. Harima et al. suggested 

that compensation occurs due to the creation of VN defects with increasing amount of [Mg] 

[112]. To clarify this assertion the results are presented in section 5.2.4. The free hole 

concentration and the mobility of samples A – I were measured and will be discussed in 

section 5.2.4. 

4.3 Conclusion 

The effect of Mg on the incorporation of In in GaN(0001) was investigated. In situ 

measurements by QMS revealed that the In desorption decreased in presence of Mg. In 

contrast, it increased in presence of both, N and Mg. Accordingly, different samples were 

grown to study these effects ex situ in thick (Ga,In)N layers and (Ga,In)N/GaN SLs by XRD 

and SIMS. These in-situ and ex-situ results consistently indicated the increase of the In 

desorption during the simultaneous supply of In and Mg in presence of N. 

AFM studies revealed smooth surface morphologies (Figure 4.8) for the samples with no Mg 

doping or relatively limited Mg doping for which the GaN barrier were undoped. RMS 

roughness below 1 nm were achieved for these samples. 
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As Mg doping may have changed the polarity of the samples during the growth, RHEED 

reconstructions in-situ after growth below 200 °C and KOH wet etching were utilized to 

determine the polarity of the samples. On one hand, 1 × 1 reconstruction was observed, on the 

other hand, 3 × 1 reconstruction was observed. However, an unknown 3 × 1 reconstruction 

pattern was observed for the samples with undoped GaN barrier, 1 × 1 reconstruction is 

reported for Ga polar growth under Ga excess [79]. AFM images acquired after KOH wet 

etching exhibited no dramatic change of the surface morphology compared the ones before 

KOH wet etching which suggests that samples have the Ga-polarity.  

XRD scans around GaN(0002) revealed SL satellites for all the periodic structures. The 

distance between the satellites corresponded closely to the barrier thickness of the structures 

and simulation of the spectra revealed that the QW thickness was about 1 ML. The intensity 

and width of the satellites varied from samples to sample and indicated different In contents in 

the (Ga,In)N layers. Additionally, a compressive stress of Mg in GaN layers was revealed by 

more intense SL+n satellites compared to the SL-n satellites. The maximum In content 

estimated by the simulation of the spectra was 0.18 and it decreased down to 0.05 with 

increasing [Mg].  

A clear increase of the Mg concentration was evidenced by SIMS measurements in presence 

of In surfactant and a maximum Mg content of 0.58 in a single QW ML was estimated. One 

of the samples illustrated a change of Mg sticking coefficient or a gradual Ga- to N-polarity 

change due to the accumulation of Mg on the surface. Furthermore, the In content determined 

from the simulation of the XRD measurements was confirmed. The In content decreased 

abruptly for the samples in which Mg was supplied simultaneously with In. These results 

confirmed the increase of the In desorption evidenced by QMS measurements and the 

decrease of the In content in (Ga,In)N/GaN SL measured by XRD.  

The PL and CL spectroscopy measurements of the undoped SPSLs exhibited emission at 3.31 

eV without any additional emission such as UVL and BL band. However, the samples doped 

with Mg did not exhibit any emission possibly because Mg created non-radiative 

recombination centers. These results indicate that the doped SPSLs may be benificial for 

implementation as HAL or HIL due to the increased Mg incorporation and regular periodic 

doping profiles obtained without parasitic emmision. Raman spectroscopy of the samples 

revealed the presence of LVMMg in all doped samples. The intensity of this peak increased 

and became sharper with increasing [Mg] up to a nominal value of 4.1 × 1020 cm-3 in 
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agreement with the linear dependence reported in the literature [110]. Beyond this 

concentration, the LVMMg peak intensity decreased and broadened. This effect is possibly 

related to a compensation effect of Mg by the creation of VN. 

To summarize, different Mg doping strategies based on the (Ga,In)N/GaN SLs were 

investigated. In comparison to conventional Mg-doped random alloys, morphological 

improvements were obtained by the formation of SPSLs. The Mg concentration directly 

affected the resulting In content in the (Ga,In)N/GaN due to the competition between Mg and 

In for the cation lattice site.  Reciprocally, the Mg concentration increased in presence of In 

by a factor of 60. However, a compensation effect of Mg was revealed by Raman 

spectroscopy beyond the [Mg] of 4.1 × 1020 cm-3 by the formation of VN. The compensation 

effect may lead n-type conductivity for Mg-doped SPSLs and will be verified in the next 

chapter.  
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5. Investigation of the carrier and electronic characteristics of 

(Ga,In)N:Mg superlattices 

This chapter is dedicated to the electrical properties of the (Ga,In)N/GaN SLs in dependence 

on Mg doping, which was introduced as material pulses at different time of the SL period 

growth. In section 5.1, simulations of the carrier concentration, band gap and current-voltage 

characteristics were performed utilizing the SILENSe software tool [115]. Two sets of 

structures were simulated: set 1 corresponds to sample structures introduced in section 4.2, 

while for set 2, the latter structures were inserted as a p-type layer in a conventional LED 

structure. 

Then, section 5.2 is concerned with the fabrication process and the electrical characterization 

of the samples under investigation. Additional samples with similar structure but grown on SI 

substrates are also fabricated and characterized. Last, in section 5.2.2, the results from the 

simulation and from the electrical characterization are compared.  

5.1 Simulation of structures using SILENSe software 

5.1.1 Description of the structures simulated 

The nominal structures of samples A and C – H which were studied in section 4.2 were 

simulated by a commercial simulation software named SILENSe [115] in order to investigate 

the electrical properties of ideal Mg doped SL structures compared to a thick Mg doped 

(Ga,In)N layer. SILENSe is based on the drift-diffusion model of carrier transport in the 

heterostructures that accounts for the specific nature of group III-Nitrides, in particular 

spontaneous and piezoelectric polarization, low efficiency of acceptor activation and high 

density of threading dislocations.  

For all simulated structures, a 500 nm thick GaN layer doped with electron density 5 × 1018 

cm-3 was placed at the bottom as a n-type layer. As a p-type contact, (Ga,In)N:Mg with 

thickness 60 nm, In content 0.02, and Mg concentration 5 × 1019 cm-3 was placed on top of 

the SL structure. For all layers, an electron concentration of 3 × 1017 cm-3 was implemented as 

unintentional n-type doping. Two sets of structures were simulated. In set 1, the structure of 

samples A, and C – H were simulated as a p-n junction. These structures correspond to the 
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ones with thickness deduced from XRD in section 4.2.2.3. For set 2, the structures of set 1 

were implemented in an LED structure with the insertion of a p-type (Al,Ga)N EBL and 

3×(Ga,In)N/GaN MQWs between the SLs and the n-type layer. The EBL had a thickness of 

10 nm, Al content 0.1 and Mg concentration 1019 cm-3. The (Ga,In)N QWs had thickness 3 

nm, In content 0.25, while the GaN QBs had thickness 7 nm.  

Figure 5.1 present a sketch of these structures. Samples A, and C – H were iterated with the 

same grid illustrated in Figure 5.1. The simulations were run for a forward current density of 

400 Acm-2.  

 

Figure 5.1: Sketch of the structures simulated. The boxes “[(Ga,In)N/GaN]:Mg SPSLs” correspond to the 

structure of samples A, C – H. The SL structures and (Ga,In)N thick layers are in blue. The EBL, and the AR are 

in green, and red, respectively. 

5.1.2 Results of the simulation of set 1 with the structures of samples A and C – H 

embedded in a p-n junction 

The results of the simulation for the carrier concentration, the band structure, and the current-

voltage characteristics around the SLs are shown in Figure 5.2. Note that the period of sample 

H [1 ML (Ga,In)N/ 1 ML MgxN1-x/ 10 nm GaN] is thicker by 1 ML than the period of all other 

samples. Therefore the band profiles for this sample are not exactly aligned with the others. 

Note also that in these figures, the simulation results of structures D and E are superimposed. 

We first consider the carrier concentrations in Figure 5.2(a) – (b). For structure A, after 50 nm, 

the electron concentration rapidly decreases from 1.3 × 1018 cm-3 to 1.0 × 1016 cm-3.  
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Figure 5.2: (a) electrons and (b) holes concentration, (c) energy-band diagram, and (d) current-voltage 

characteristics determined from the SILENSe simulation for samples A and C – H. The results were calculated 

for a forward current density of 400 Acm-2. The SL structures and thick (Ga,In)N:Mg layer are marked by the 

shaded blue area. Dashed lines indicate the position of the QWs. Note that structure H is not well aligned with 

the rest of the samples because its period is 1 ML thicker. The surface is indicated by the arrow and the position 

is measured from the bottom of the n-type layer. 
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The SLs structures are intended to be used as a building block for effective p-type conductive 

layer. Consequently, the structures with highest hole concentration but also the lowest electron 

concentration inside the SLs are required to reduce the unwanted radiative or non-radiative 

recombination outside the AR. For structures C – H, electrons populate the QWs with a peak 

concentration after the QWs. The magnitude of the electron concentration is decreasing one 

order of magnitude with increasing [Mg]. While, the hole concentration remains stable along 

the (Ga,In)N:Mg layer with the value of 3 × 1017 cm-3 [Figure 5.2(b)]. The maximum hole 

concentration is observed for samples D and E with a peak concentration of 1.7 × 1018 cm-3. 

Furthermore, for all presented structures, the peak hole concentration decreases from 1.6 × 

1018 cm-3 (sample D and E) to 1.4 × 1016 cm-3 (sample C) with decreasing [Mg] (from sample 

D to sample C) (Table 4.1).  

 

Table 5.1: Summary of the important results compiled from simulations of sample A, C – H. 

The valence and conduction bands around the SL structures are illustrated in Figure 5.2(c). 

For structure A, valence and conduction bands are flat along the (Ga,In)N:Mg layer and an 

abrupt potential barrier is observed at the depth of 500 nm, due to the Fermi leveling between 

p-type (Ga,In)N layer and n-type GaN below. For the SL structures, “saw tooth” like 

potentials are observed following QW potentials with 631 meV. Furthermore, for samples A, 

C – H, the Vth deduced from the simulations is also summarized in Table 5.1. The Vth 

difference results from different valence band pinning levels. Higher bias voltages are needed 

to achieve the same recombination current. The barrier height and Vth increase by increasing 

[Mg]. With the SILENSe software, no negative bias can be applied to study the rectifying 

character of the samples. Ideality factors were calculated from Figure 5.2(c). Finally, for 

samples A, C – H, the ideality factor is summarized in Table 5.1. The ideality factor results are 

similar to the ideal diode calculations done by Shockley [116]. Compared to sample A, 

samples D, E, and F, might not be good candidates for HIL implementation due to the increase 



83 

 

of barrier height, Vth, and ideality factor. Nevertheless, an overall evaluation can be done after 

simulating such structure in a conventional LED. 

5.1.3 Results of the simulation of set 2 with the structures of samples A, and C – H 

embedded in a LED 

The results of the simulations for the carrier concentration, band structure, current-voltage 

characteristics, and emission intensity are shown in Figure 5.3. For all structures, electrons 

and holes are well concentrated in 3 nm (Ga,In)N QWs (red shaded area). Most of the 

electrons can be transported efficiently in the AR where they accumulate in the last QW with 

a concentration 78% higher than in the first QW [Figure 5.3(a)]. For LED C, a serious leakage 

current through the EBL is observed (peak in the concentration of 1.9 × 1017 cm-3) as this SL 

structure was undoped. Besides, holes exhibit a peak concentration in the last QW as well 

with a concentration of 5.2 × 1019 cm-3. This result is due the fact that the mean free path of 

holes is shorter than the one of electrons as the effective mass of the former is larger [117]. 

Similar to Figure 5.2(b), for SL structures, the hole concentration has a “saw tooth” like 

shape. It increases inside the SLs with increasing [Mg] from LED C to LEDs D and E with 

maximum concentration of 2.3 × 1018 cm-3. 

In Figure 5.3(c), for LED C, the undoped SL structure, dramatic downward bending of the 

conduction band toward the top of the SL is observed. For LEDs G and H, a similar effect is 

observed due to a too low hole concentration. For a LED, one of the important point is to 

achieve an efficient hole injection by minimizing the potential barriers in the valence band. 

However, for all presented structures, a potential barrier is observed at the interface between 

AR and EBL. The potential barrier for hole injection is underlined by dotted lines. For LEDs 

A, C – H, calculated barrier heights are summarized in Table 5.2. Compare to sample A, for 

samples C – H, the barrier height decreases with increasing [Mg]. This result might means 

that the implementation of SLs as a hole injection layer might improve the efficiency of the 

LED by lowering the potential barrier for holes.  

In Figure 5.3(e), the emission intensity variation for the structures under consideration is less 

than 1% except for LED C for which it is 2%. The LED structures emit at 491 nm with 26.2 

nm full width half maximum (FWHM) as determined by characteristics (0.25 In content, 3 nm 

thickness) [118] (Table 5.2). Though for LED C, the SL structure is not doped Mg, a relatively 

high emission is observed. 
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Figure 5.3: (a) Electrons, and (b) holes concentration, (c) energy-band diagram, (d) current-voltage 

characteristics, and (e) emission intensity results of the simulations for samples A, and C – H. The results were 

calculated for forward current density of 400 Acm-2. The SL structures, and the thick (Ga,In)N layer are marked 

by the blue shaded area. The EBL, and AR are marked by green, and red shaded area, respectively. The barrier 

for hole injection and the position of the QWs are indicated by dotted and dashed lines, respectively. Sample H is 

not aligned with the rest of the samples, as its period is thicker by 1 ML. Thicknesses are measured from the 

bottom of the n-type layer and the surface is indicated by the arrow.  
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Table 5.2: Summary of relevant results obtained from simulations of LED A, C – H. 

This might be related to the presence of the Mg doped EBL and the (Ga,In)N:Mg contact 

layer above the SL. In Figure 5.3(d), the Vth calculated for samples A, and D – H is 3.45 V. 

Besides, for sample C, it is 4.95 V (Table 5.2). A possible explanation is that for this LED, due 

to the lack of the p-type layer between the EBL and the p-type contact layer, the valence band 

is pinned at the surface of the latter at a level that is 1.83 eV lower than for the other LED 

structures A, D, and E. This increases the bias needed to inject holes into the depletion region. 

For LEDs A, and D – F, the slope of the current-voltage (I-V) curve is within 1% identical and 

it is 0.12 A/V. For LEDs H, and G the slope are 14% and 62% smaller compared to LEDs A, 

and D – F. The ideality factor for these structures was also calculated to establish a reference 

point (Table 5.2). Precise calculations are explained in section 5.2.4.3. For all presented 

samples, no difference is observed for ideality factors, except for sample C which is the 

sample without Mg doping. The possible explanation might be that the approximation taken 

into account by the simulation software is not sensitive enough to distinguish the slightly 

different Mg doping implemented.  

5.2 Electrical characterizations of the experimental the (Ga,In)N/GaN SLs  

5.2.1 Technological processing 

Various metal pattern were implemented on the surface of the samples to study their electrical 

characteristics. Two different glass lithography masks were prepared for this purpose. One 

mask includes structures for Van-der-Pauw (VdP) method, transmission line measurement 

(TLM), circular transmission line measurement (CTLM), and Hall-bar geometry [Figure 

5.4(a)]. The second mask includes CTLM, and vertical CTLM for p-n junction measurements 

[Figure 5.4(b)]. The samples were etched in an inductively coupled plasma – reactive ion 
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etching (ICP-RIE) system with 100 W and Cl2+BCl3 (5 sccm and 20 sccm) gas mixture to 

define the devices. A reference GaN sample was used to determine the etch rate and the same 

parameters were used for all processing procedures. The devices were etched down until the 

GaN buffer layer. Subsequently, Ni/Au (5 nm/ 5 nm) and Ti/Al/Ti/Au (30 nm/ 50 nm/ 30 nm/ 

50 nm) metal contacts were deposited on the p-type and the n-type surfaces, respectively. No 

post annealing process was carried out in order to prevent the diffusion of In from the 

(Ga,In)N thin layers. The sample processing and preparation of the lithography masks were 

done at PDI by Werner Seidel.  

 

Figure 5.4: Optical microscope images of processed structures with two different lithography masks. In (a) the 

pattern was designed to measure the sample by VdP method, TLM, CTLM, and Hall-bar geometry, and in (b) 

bottom and top contacts for CTLM, and p-n junction were formed for the measurements. The color change 

results from merging multiple images and is an artifact. The contacts of the Hall-bar are numbered as mentioned 

in the text. Squares with a positive sign inside are markers used to align the sample and masks during the 

different phases of the lithography process. 

5.2.2 Preliminary electrical characterization of the Mg-doped (Ga,In)N/GaN SLs 

Samples A, C – H were processed following the procedure described above in order to 

investigate their electrical characteristics that should correspond to a p-n junction. However, 

the measurements revealed an ohmic behavior for all the samples. As an example, Figure 5.5 

illustrates the I-V curves recorded for the p-n junction of sample H. Even if the sample was 

doped with Mg, only a typical ohmic I-V characteristics was measured. Though nominally 
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undoped GaN templates with thickness about 5 µm were used as substrates, as GaN is usually 

n-type, these thick n-type layers ruled the conductive properties of the samples compared to 

the top p-type layer that was only 100 nm thick. Therefore, all the measurements were 

dominated by electron transport. This leads to non-rectifying behavior. 

 

Figure 5.5: I-V characteristics of sample H with the n-type substrate revealing only ohmic behavior. The dotted 

line indicates ohmic slope. 

5.2.3 Optimization of the SL samples for electrical characterization 

To circumvent the excess of electrons provided by the template, additional samples were 

grown on Al2O3/AlN/SI GaN templates also with (0001) orientation. These samples are 

labeled A1, C1 – H1, respectively. Additionally, a (Ga,In)N:Mg layer with the thickness of 100 

nm and a unintentionally doped (UID) GaN with the thickness of 500 nm were grown as 

reference points. The detailed information of the structures are given in section 4.2. For this 

additional sample set, the growth temperature was set to 630 °C due to the miscalibration of 

temperature during the growth, while the other growth parameters were kept the same.  

Samples A1, C1 – H1 were also investigated by AFM, and XRD and the results confirmed the 

reproducibility of the growth process. AFM of these samples revealed a morphology similar 

to the one of samples A, C – H, respectively. As an example, Figure 5.6(a) presents the AFM 

of a step flow morphology that ensures the metal excess during growth for sample C1 [73].  
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Figure 5.6: (a) AFM image of (5 × 5) µm2 area of sample C1. (b) ω-2θ scans of samples C1, G1, and H1 around 

the GaN(0002) reflection. The scans have been shifted vertically for clarity. SL satellites labelled as SLn, 

AlN(0002), Al2O3(0006), and GaN(0002) peak are indicated. (c) In and (d) Mg concentration profiles acquired 

by SIMS for samples E1, G1, and H1. The surface, 1st, 5th, and 10th period of the SLs are indicated in the graphs. 

The abrupt drop near the surface is an artifact of the measurement instrument. The profiles have been aligned 

according to the regrown interface of the SLs with the GaN buffer and top surface. 

  



89 

 

Similar RMS values were also obtained for all the structures repeated on SI template. ω-2θ 

scans of samples C1, G1, and H1 are shown in Figure 5.6(c). An additional AlN(0002) peak is 

observed for samples A1 – H1 due to the presence of an AlN layer in the template structure. 

Intense satellite sets were also observed at angles higher than GaN(0002) (SL+n) for samples 

G1, and H1. A broadening of the SL+n satellites was observed for sample H1, possibly due to 

the increase of the roughness for this sample compared to sample H.  

 

Table 5.3: (a) The Mg concentration of doped layers, and (b) the In concentration in the (Ga,In)N QWs (samples 

E1, G1, and H1). 

SIMS measurement were conducted on three samples of this new set (E1, G1, and H1) in order 

to verify that the higher growth temperature did not affect the In and Mg concentration. For 

samples E1, G1, and H1, the In and Mg concentrations measured by SIMS are presented in 

Figure 5.6(c) and (d), respectively. Oscillations of the In and Mg concentration were 

observed, similarly to the ones shown in section 4.2.2.4. Please note that, for sample E1, after 

the first period, Mg concentration gradually decreases from 1.2 × 1021 cm-3 to 4.4 × 1019 cm-3. 

This result might be caused by Mg accumulation on the surface over the growth which might 

change the Mg sticking factor [62]. Another reason might be the sample polarity changed 

from Ga- to N-polar due to the fact that the Mg concentration is one order of magnitude 

higher than the threshold necessary for polarity change as discussed in section 3.3.5.3. A 

similar result was also described for sample E in section 4.2.2.4. The averaged Mg 

concentration, Mg content and In content of the SLs calculated as explained in section 4.2.2.4 

are presented in Table 5.3. Due to the higher growth temperature, Mg incorporation decreased 

slightly for samples E1, G1, and H1 which is limited with the maximum 0.03 Mg content 

decrease (sample G1). For samples E1, and G1, the Mg concentration decreases from 7.7 × 

1019 cm-3, and 1.6 × 1020 cm-3, to 6.8 × 1019 cm-3, and 1.5 × 1020 cm-3, respectively. However 

for sample H1, it increases from 2.1 × 1019 cm-3 to 2.8 × 1019 cm-3 (Table 5.3). Additionally, 

compared to samples E, G, and H grown at lower temperature, for samples E1, and G1, the In 

content in each QW decreased slightly from 0.12, and 0.04, to 0.09, and 0.03, respectively. 

Differently, In content stayed stable for sample H1. Therefore, though substrate temperature 
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was 20 °C higher than for the samples presented in section 3.2, the In content of 

(Ga,In)N/GaN SLs and Mg concentration were not drastically changed. 

5.2.4 Electrical characterization of the SL sample regrown on SI template 

5.2.4.1 Hall-effect measurements 

The carrier concentration and mobility of the samples were studied at RT by Hall-effect 

measurements under the field of 0.8 T generated by an electro-magnetic coil utilizing a 

measurement setup from Hewlett Packard (hp). A Hall-bar geometry with six metal contacts 

was used [Figure 5.4(a)] as described in section 5.2.1. The resistivity, Hall resistance, carrier 

concentration, and mobility were calculated by the following equations [119], [120]: 

 
(5.1) 

 
(5.2) 

 
(5.3) 

 
(5.4) 

where ρ is the resistivity at zero magnetic field, I56 is the current passing through the 

longitudinal contacts (5, and 6), V23,14 is the potential difference measured between contacts 2 

and 3, or 1 and 4, µH is the mobility, q is the elementary charge, p and n are the concentrations 

of holes, and electrons, respectively. For clarity, units are also mentioned. Figure 5.7 shows 

the carrier concentrations, and the mobility values calculated utilizing equations (5.1) – (5.4). 

The samples are ordered according to increasing [Mg] measured by SIMS or nominal 

averaged over the period (Table 4.1). The graph is divided into four regions according to the 

sample carrier type measured. An additional UID GaN layer, and sample C1 revealed n-type 

carrier type as expected for undoped GaN [57]. Though samples E1 – H1, were doped with 

Mg, the measurements revealed their n-type conduction. This result can be attributed to the 
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fact that too few acceptors to compensate the residual donors. For GaN:Mg, and sample A1 p-

type conduction was evidenced. Finally, sample D1 which had the highest Mg concentration 

also exhibited a n-type conductive behavior. A possible explanation is that beyond a 

maximum Mg doping concentration in the range of 1020 cm-3, the formation energy of donor-

type defects like VN or MgGa-VN complexes is reduced compared to the formation energy of 

acceptors. This effect leads to the acceptor compensation and a conversion of the conduction 

type from p-type to n-type [7], [57]. The lowest carrier concentration was measured for UID 

GaN 6.5 × 1016 cm-3, while it peaks at 2.8 × 1018 cm-3 for sample C1. With [Mg], doping the 

carrier concentration dropped to 2.2 × 1017 cm-3 (sample H1) and it then increased again up to 

the maximum value of 4.6 × 1018 cm-3 for sample A1. Notice that for [Mg] higher than 2.7 × 

1018 cm-3, the first conversion of the n- to p-type conduction is observed. For [Mg] beyond the 

value of 4.6 × 1018 cm-3 (sample A1) the second conversion of the p- to n-type conduction 

occurs and the carrier concentration drops again to 2.6 × 1017 cm-3 (sample D1). Notice that 

the [Mg] that sets the limit for the second conversion matches values found in the literature 

[121]. 

 

Figure 5.7: Carrier concentration and mobility of samples A1 – H1 determined by Hall measurements. The 

samples are ordered according to their averaged [Mg]. The graph is divided into four regions. From left to right: 

n-type, lightly doped n-type, p-type, and n-type compensated. 

Furthermore, for samples A1 – H1, the mobility was one order of magnitude lower than values 

found in the literature for similar Mg concentration [121]. A possible reason is that the 
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mobility measurements might be highly affected by serial resistances (i.e., non-ohmic contact 

resistances). For UID GaN, the mobility measured was 7.9 cm2/Vs, and for sample C1 it 

dropped to 2.1 cm2/Vs due to the implementation of the (Ga,In)N/GaN SL. For samples E1 – 

H1, the mobility oscillated between 0.5 cm2/Vs and 3.5 cm2/Vs. For larger Mg concentrations 

(GaN:Mg and sample A1), the mobility drastically dropped to 0.3 cm2/Vs and 0.1 cm2/Vs, 

respectively, possibly due to the n- to p-type conversion. Finally, for sample D1, the mobility 

increased again up to 9.7 cm2/Vs due to the creation of donor-like vacancies explained above. 

5.2.4.2 Thermopower measurements 

Hall-effect measurement is the most popular method to determine the carrier transport 

properties. These measurements are trustful when the samples exhibit one dominant carrier 

type, i.e., electrons or holes. However, this is not the case of p-type III-Nitrides where p-type 

conduction might be compensated by n-type conduction. Thus, the carrier type, concentration, 

and mobility measured by this method may not correspond to the actual values. In fact, the 

Hall coefficient RH is given by: 

 
(5.5) 

where nn and np are the concentration of electrons and holes, respectively, and µn and µp are 

the electron and hole mobility, respectively. Therefore, even if np is larger than nn, RHall may 

be negative since the mobility of electrons is two orders in magnitude higher than holes since, 

µn
2 is four order of magnitude higher than µp

2 [7]. This could possibly explain why n-type 

carrier was determined for samples E1 – H1, in section 5.2.4.1 although these samples were 

doped with Mg. To enforce or challenge the results obtained in the previous section we 

performed thermopower measurements. The latter provide the Seebeck coefficient Stotal that is 

the sum of the carriers: 

 
(5.6) 

where Sn, and Sp are Seebeck coefficients of the electrons, and holes, respectively. As Stotal is 

weighted by niµi instead of niµi
2 as for the Hall-effect measurements, the relative contribution 
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from the accumulated electrons can be significantly minimized. Measuring a positive Stotal 

indicates that the layer conduction is dominated by holes, whereas negative values indicates 

that electrons rule the conduction. Also smaller S values indicates a higher carrier 

concentration. In fact, thermopower measurements are a measure of the average energy, 

concerning the Fermi level, transported by charge carriers under the influence of a thermal 

gradient. A temperature difference (ΔT) builds up a voltage difference (ΔV) through the 

sample by diffusion of majority carriers from the hot to the cold end. The simplest way to 

measure the S is to measure ΔV at a constant ΔT [122]. To discard parasitic resistances, for 

example, contact, and probe resistances, multiple measurements acquired at different 

temperatures and Stotal derived from the slopes of the ΔV vs. ΔT. 

 

Figure 5.8: Seebeck coefficients of samples A1, C1 – H1. The samples are ordered with increasing [Mg] from left 

to right. A negative Seebeck coefficient refers to n-type carriers, and a positive Seebeck coefficient indicates p-

type carriers. The inset sketches a thermopower measurement system. 

The inset of Figure 5.8 sketches the apparatus utilized for thermopower measurements. The 

samples are suspended on two Peltier blocks. One block is acting as a heating element while 

the second block is cooling. The temperature difference on two edges of the sample is 

measured by two different thermocouples (TC1 and TC2), and the ΔV from one edge to the 

other edge is measured by a voltmeter over the thermocouple probes. The Seebeck coefficient 

of samples A1, C1 – H1 was measured utilizing such a setup. 
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UID GaN and C1 samples that were undoped samples exhibited a negative Stotal value which 

means that they had n-type dominant carriers. The Stotal value of sample C1 was half the one of 

the UID GaN sample. Thus, the carrier concentration of sample C1 was roughly two time 

higher than the one of the UID GaN sample. Due to the high resistance of sample D1 and E1, 

the Seebeck measurement of these samples is inconclusive. An effect of the (Ga,In)N/GaN 

SLs could be observed for n-type dominant carrier concentrations. P-type carriers were 

revealed for sample A1, F1, H1, and GaN:Mg. For Samples F1, and H1, though Hall-effect 

measurements exhibited n-type carriers, as explained earlier in this section, meaning that the 

relatively strong contribution of electrons was minimized and p-type carriers was revealed by 

thermopower measurement. Similar Stotal values were measured for samples F1, and H1. 

Besides, the Stotal value of sample GaN:Mg was double the one of samples F1, and H1. On the 

other hand, the n-type carrier conduction was measured for sample G1. A possible reason for 

this result might be that the Mg concentration may have reached the level yielding creation of 

donor-like defects and hole compensation [7]. Finally, the Stotal coefficient of sample A1 was 

positive and similar to the one of samples F1, and H1, although its averaged Mg concentration 

was one order of magnitude higher but without SL.  

According to the thermopower measurements, samples F1 and H1 might be possible candidate 

as HIL layer by their p-type property. Additionally, due to the inconclusive results and n-type 

conductivity for sample G1, additional and more direct measurement is required to investigate 

the effect of the Mg doping on (Ga,In)N/GaN SLs.   

5.2.4.3 P-n junction measurements 

The I-V relationship is a fundamental property of a diode. The current depends exponentially 

on the voltage because the carrier distribution in energy is exponential under the Boltzmann 

approximation. The I-V relationship is expressed by the diode equation [43]: 

 
(5.7) 

where I is current, I0 is saturation current, q is an elementary charge, V is voltage, n is ideality 

factor, k is Boltzmann constant, and T is the temperature in Kelvin. Under typical forward-

bias conditions, the diode voltage is much larger than kT/q, and thus: 
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(5.8) 

Using equation (5.7), the I-V relation can be rewritten as: 

 
(5.9) 

In the literature, the ideality factor is one of the figure of merits to determine the quality of a 

p-n junction [48], [116], [123]–[125]. The ideality factor relates to the I-V graph region from 

the threshold voltage to saturation point [116]. This region is driven by junction 

recombination. To derive the ideality factor from the current vs. voltage measurement, 

equation (5.9) can be written as: 

 
(5.10) 

The slope of ln(I) vs. V plot equals � 𝑞𝑞
𝑛𝑛𝑘𝑘𝑇𝑇

� and the intercept gives ln(I0). Figure 5.9 illustrates 

the results obtained from circular LED structures [Figure 5.4(b)] fabricated on samples A1, C1 

– H1. Figure 5.9(a) displays the graph ln(I) in dependence of V to study the rectifying 

character of the p-n junctions. For GaN:Mg, an abrupt jump on the negative side of the 

measurement is an artifact of the measurement instrument. The magnitude of the current 

varies from sample to sample due to their different contact characteristics. At first, the 

rectifying character of the p-n junction was studied by calculating the ratio between the 

reverse and forward bias conditions at -5 V and 5 V, respectively chosen. These values should 

allow to observe the rectifying character of the diode as the threshold voltage is 

approximately 3.7 V for GaN [5]. Calculations were done by dividing the current value, I at 5 

V by the one at -5 V. The results are plotted in Figure 5.9(c). The higher the ratio � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

�, the 

stronger are the p-n junction behavior and the effective p-layer realization. This method is a 

rather qualitative analysis since the results are influenced by the characteristics of the 

contacts. However, higher ratio values can support the quantitative analyses for the realization 

of effective p-type layer presented below. Following this method, a ratio of 4 was obtained for 

sample C1 which is the undoped SL sample. Similarly, for samples A1, F1, and G1, the ratio 

fluctuates between 1 and 7. These results evidenced that these samples exhibit the lowest 
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rectifying behavior. The possible reason might be the compensation of the Mg doping by the 

creation of donor-like structures [7]. In contrast, samples H1, and GaN:Mg show a ratio higher 

than 100, and sample D1 has an intermediate value. These results seem to indicate the 

realization of p-type layer in these samples. Note that, samples A1, and GaN:Mg had similar 

[Mg] concentration. However the compensation effect mentioned before was observed for 

sample A1 but, not for sample GaN:Mg. According to this method, sample H1 should exhibit 

the most effective p-type layer which could indicate a beneficial effect of the delta doping.  

In the literature, the ideality factor for semiconductors should be equal to 1 for an ideal p-n 

junction, but due to the presence of many interfaces, for example SLs, EBL, the ideality factor 

calculated is always higher than 2 [43], [124]. In addition, the characteristics of p-contacts are 

mainly of Schottky-type for III-Nitrides, which add up in the ideality factor [48]. 

Consequently in order to discard these effects, the ideality factor of the contacts for the 

samples was calculated separately and the resulted values were subtracted from the total 

ideality factor of the samples. The actual values are also reported in Figure 5.9(c).  

The ideality factor determined for the undoped sample (C1) is smaller than two, which is a 

consequence of the absence of a p-n junction in this sample. This characteristic can also be 

visualized in Figure 5.9(b) where the smallest bowing is observed [116]. Indeed, as a 

consequence of the creation of an effective p-type layer, the Fermi level in the p-n junction 

increases, and the main current flow is dominated by recombination mechanisms at the 

junction, which suppresses the thermally activated current flow over the sample. Therefore, 

the bowing of I in dependence on V should increase for a more effective p-type layer. In fact, 

the ideality factor increases with increasing [Mg] up to 70.7 (sample F1) but for sample G1, it 

drops to 10.3. However, note that sample G1 exhibited the highest Mg concentration as 

measured by SIMS. For samples A1, E1, and GaN:Mg, although the [Mg] concentration was 

similar, the ideality factor fluctuates between 37.3 and 47.8. Finally, for sample D1, the 

ideality factor increases to 66.3. The possible reason is an inefficient realization of HIL which 

reduces the recombination process driven by electron-hole recombination at the depletion 

region [126]. 
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Figure 5.9: p-n junction measurements for samples A1, C1 – H1 and a GaN:Mg layer in (a) semi-logarithmic, and 

(b) in linear scales. Values in the legend are multiplication factors for each sample applied in order to normalize 

the plot in (b). The increasing bowing of the current vs. voltage in graph (b) indicates the increase of the ideality 

factor calculated for the samples. (c) Ideality factor and rectifying character calculations done for samples A1 C1 

– H1. 
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5.2.4.4 Comparison of the results obtained from the electrical characterization 

In section 5.2.4, for samples A1 – H1, different electrical characterizations techniques were 

utilized to assess the realization of p-type (Ga,In)N/GaN SLs. The results are summarized in 

Table 5.4. For samples A1, C1 – H1, despite a maximum Mg concentration of 1.5 × 1020 cm-3 

(for sample G1) measured by SIMS, Hall-effect measurements indicated n-type with a 

maximum carrier concentration of 4.6 × 1018 cm-3 (sample A1). This results was attributed to 

the presence of a high background electron concentrations in III-Nitrides [7]. In contrast, for 

samples A1, F1, and H1, thermopower measurements revealed p-type conductivity. Besides, 

for samples D1 and E1, exhibited n-type conductivity due to the excess in Mg doping beyond 

the level of 1 × 1020 cm-3 and compensation occurred (section 5.2.4.2) [121]. For sample F1, 

though p-type conductivity was evidenced, � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio equals to 1 rather indicated inefficient 

p-type layer.  

Furthermore, for sample G1, n-type conductivity and a relatively low � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio was 

determined. However, the lowest ideality factor was achieved for this sample. For sample H1, 

the maximum � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio measured and an intermediate ideality factor. In comparison to the 

(Ga,In)N:Mg sample (A1), sample H1 exhibited an ideality factor two times lower and a 

� 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio 30 times higher, which may indicate the efficiency enhancement of p-type layer 

by implementation of (Ga,In)N/GaN SPSL. 

 

Table 5.4: Summary of the different electrical characterization techniques that were utilized in section 5.2.4 for 

the (Ga,In)N/GaN SLs. 
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5.3 Comparison of the simulation and the electrical characterization results 

In section 5.1.1, simulations were carried out with the SILENSe software package. The results 

evidenced that the electron concentration inside the SLs was reduced by increasing [Mg] 

concentration. A lower electron concentration inside the SLs was obtained for the structures D 

and E. On the other hand, for these structures, the valence band pining on the surface was 50 

meV lower than for sample C. As a result, the threshold voltage should be 0.06 V higher, 

because holes need to overcome a higher overall potential barrier in order to achieve an equal 

recombination current. In section 5.1.3, the sample structures were also modeled as building 

block for the p-type layer of a conventional LED structure. A 30 meV reduction of the 

potential barrier for hole injection across the EBL was observed for SLs implemented 

compared to an homogenous p-doping (Ga,In)N layer of equivalent In content and thickness. 

All simulated LEDs presented light emission at 491 nm with FWHM of 26 nm, which fits 

well with the corresponding results of similar In content and QW thickness in the literature 

[118]. 

Besides, samples A – H were processed for electrical characterization, but first measurements 

showed a shadowing effect of the p-type carriers by n-type carrier from the substrate. 

Therefore, samples were regrown on SI template and AFM, XRD, and SIMS measurements 

ensured similar results as samples A – I.  

However the simulation results were not able to distinguish between the different structures, 

in section 5.2, the experimental characterization of the samples carried out by Hall-effect, 

thermopower, and p-n junction measurements revealed that three (Ga,In)N/GaN SPSL 

structures (samples F1, G1 and H1) had an equal or better characteristics than the 

homogenously doped (Ga,In)N thick layer.  

In conclusion, simulations and electrical measurements have shown that some of 

(Ga,In)N/GaN SL structures exhibit p-type carrier conductivity. The SL structure of samples 

F, G, and H might be a good candidate as a HAL or HIL for a LED structure. Based on these 

results, three different LEDs with these SLs implemented as HAL were fabricated and are 

presented in chapter 6. 
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6. Implementation of (Ga,In)N/GaN SLs into conventional 

LEDs as a hole injection layer or as the active region 

This chapter focuses on the realization of (Ga,In)N/GaN SL based LEDs. In the first section, 

the realization and characterization of three LEDs with differently doped (Ga,In)N/GaN SL 

schemes (based on 20% of QB doped SL, and delta doped SL) that were implemented as a 

HIL are presented. These LED structures were chosen following the simulation results of the 

optimized LED design reported in section 5.1.3, and the results of the electrical 

characterization of Mg-doped (Ga,In)N/GaN SLs in section 5.2.4.4 as they offered p-n 

junction rectifying behavior with p-type (Ga,In)N/GaN SLs illustrated by thermopower 

measurements. In the second section, three LEDs in which nominally undoped 

(Ga,In)N/(Ga,In)N SL heterostructures were implemented as the active region are also 

demonstrated, as in section 4.2.2.6 a nominally undoped (Ga,In)N/GaN SL structure (sample 

C) exhibited promising emission results. Each of the LED structures has been simulated with 

the SILENSe software to evaluate the best possible structure to grow. Besides, the 

morphological, structural, electrical and optical characterization of the LED samples are 

presented and compared with the simulation results. Although light emission in the range of 

2.82 – 2.88 eV was achieved, the LED performance was rather low and only 0.01 mW output 

power for a size of 100 × 100 µm2 was obtained. This result contrast with the promising ones 

of chapters 4 and 5 obtained for the individual SLs. Therefore, it points as an outlook to the 

need to optimize the different layers of the LEDs.  

6.1 Implementation of (Ga,In)N/GaN SLs as a HIL 

Following the results from the morphological and structural characterization in section 4.2 

and the electrical characterization in section 5.2, SL structures presenting the best p-type 

conductivity determined by thermopower measurements (section 5.2.4.2) were selected and 

implemented in three LEDs as HIL. These SL structures are the 20% of QB doped SL and the 

delta doped SL (samples F, and H, respectively) for which thermopower measurements 

revealed p-type conductivity with the lowest Seebeck coefficient. Additionally, for the delta 

doped SL (sample H), SIMS measurements revealed the Mg concentration of 3.7 × 1021 cm-3. 
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Therefore, two LEDs, (samples K and L), were grown on n-type doped free-standing (FS) 

GaN substrates that had a carrier concentration of 1018 cm-3. For these devices, an (Al,Ga)N 

EBL implemented on top of the three QWs was used to limit the electron overflow. Besides, 

an additional LED structure (LED M) was fabricated on a p-type GaN buffer with a thickness 

of 1.2 µm, and with a carrier concentration of 5 × 1018 – 1 × 1019 cm-3 on a n-type GaN/Al2O3 

template. For this LED sample, the structure was inverted (p-type layer at the bottom, n-type 

layer on top) and the delta-doped SL (sample H) was implemented at the bottom of this 

inverted structure. Also, no (Al,Ga)N EBL was inserted in this sample, as it has been shown 

that for an inverted LED structure, this layer is not mandatory to suppress the electron 

overflow [22]. The final (Ga,In)N cap was doped with Si with a nominal concentration of 3 × 

1017 cm-3 to improve the n-type conductivity. The growth parameters were kept the same as 

described in section 4.2. The sketches of the structures are illustrated in Figure 6.1. 

 

Figure 6.1: Sketches of the three LED structures with SLs implemented as HIL. Samples K and L are LEDs 

grown on FS n-type substrates implemented with the delta-doped SLs (sample H) and with the 20% barrier 

doped SLs (sample F), respectively. Sample M is an inverted LED grown on a p-type GaN template 

implemented with the delta-doped SL (sample H). 

6.1.1 Morphological and structural characterization 

Figure 6.2(a) – (c) present AFM images acquired on a (5 × 5) µm2 area of samples K – M, 

respectively. A defective and 3D surface was observed for the three samples. Compared to the 

implemented p-type SL samples F and H, the RMS roughness of the LED samples K – M was 

increased from about 1.0 nm to 2.9, 3.7, and 1.8 nm, respectively. The increase of the RMS 

roughness of samples K and L was possibly caused by the implementation of the 

(Al,Ga)N:Mg EBL for which the inhibition of adlayer by Mg doping and the low growth 

temperature for the (Al,Ga)N EBL growth may have been deleterious [13], [127]. Instead, 
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sample M had a smoother but rather defective surface with pits at dislocation termination and 

dislocation loops [60].  

 

Figure 6.2: (a) – (c) AFM images of samples K – M. The RMS roughness measured on an area of (5 × 5) µm2 is 

indicated at the bottom left of each panel. (d) ω – 2θ scans of samples K – M around the GaN(0002) reflection. 

The scans have been shifted vertically for clarity. The simulation curves (gray) are superimposed with the 

measurement data in colors. SLn labels refer to the order of the satellite peaks. The InN(101), (Ga,In)N(0002) 

and GaN(0002) peaks are also labeled in the graph. The inset in (d) is an optical microscopy image of sample K. 

Figure 6.2(d) presents ω-2θ scans around the GaN(0002) reflection of samples K – M. For all 

samples, a characteristic sharp GaN(0002) peak at 17.28° was observed with a clear SL0 peak 

at a lower angle than GaN(0002) at 17.24°. For sample M, SLn satellite peaks appeared 

clearly. In contrast, for samples K and L, some of the satellite peaks were absent or broadened 

and their intensity was drastically decreased in comparison to the intensity measured on the 

structures presented in section 4.2.2.3. This result indicated a possible degradation of the 

interfaces of the (Ga,In)N/GaN SLs [85]. Besides, for samples K and L, a peak corresponding 
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to Indium (101) at about 16.47° was observed. This peak was related to the presence of In 

droplets at the surface of both samples, that were also revealed by optical microscopy [Inset 

of Figure 6.2(d)] [128]. For sample M, XRD simulations revealed an additional peak 

corresponding to a (Ga,In)N layer with an In content of 0.10 with thickness 100 nm. A 

possible reason might be the degradation of the 3 × (Ga,In)N/(Ga,In)N MQWs, that resulted 

in an additional (Ga,In)N phase with 0.10 In content [129].  

6.1.2 Electrical characterization  

Samples K – M were processed for electrical characterization following the methods 

described in section 5.2.1. Their I-V characterization revealed a Schottky characteristic 

[Figure 6.3(a)] with the � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio of 0.8, 6.7, and 21.2, respectively. For sample K, this 

ratio was lower than 1, which indicates that the p-n junction was not formed and it underlined 

the prevalence of Schottky contacts [43]. For sample K and M, the � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio was 23 and 8 

times lower than the one of the delta doped SL sample (Sample H1) presented in section 

5.2.4.4 (Table 6.1). A possible reason might be the degradation of (Ga,In)N/GaN SL structural 

quality which was also revealed by the XRD characterization (section 6.1.1). Moreover, only 

sample M emitted light [inset of Figure 6.3(a)]. The emission was in the aquamarine spectral 

range (~2.53 eV) which corresponds to (Ga,In)N QWs with In content of 0.22 [30]. 

Nevertheless, the emitted light from the LEDs was insufficient to conduct output power 

measurements. Furthermore, the ideality factor calculated for samples K, L, and M was 70, 

47, and 27, respectively (Table 6.1). For samples L and M, these values were comparable with 

the ones of the SL samples F1 and H1 presented in section 5.2.4.4. In contrast, the ideality 

factor of sample K was almost three times higher than the one of sample H1 (section 5.2.4.4) 

which instead was 24. 

Further, samples K – M were annealed at 500 °C for 10 mins to improve the contact 

properties and to possibly observe light emission. The I-V measurements after annealing are 

illustrated in Figure 6.3(b). For sample K, still no p-n junction was formed. For sample L, 

though the maximum current at 5 V was increased by three order of magnitude, the current 

presented one additional saturation point around 1 V. Beyond this voltage, the current 

increased further and saturated again above 3 V. This additional saturation point might be 

caused by the formation of a shunt resistance during thermal annealing [43]. For sample M, 

the current saturated definitively at 1 V at a maximum value of 4.7 × 10-8 A, which was one 
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order of magnitude lower than the one measured before annealing. Thus during thermal 

annealing, part of the structure might have been smeared and this may have affected the p-n 

junction characteristics as described in [75]. After annealing the � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio was increased to 

1.1, 15.7, and 68.5, for samples K – M, respectively. This increase indicates that the thermal 

annealing improved the contact resistance, although it may have blurred the interfaces of the 

(Ga,In)N/GaN SLs. Consistently, for samples K and L, the ideality factor decreased to 19, and 

3, respectively. For sample M, the ideality factor calculation was inconclusive because the 

ideality factor of the contacts dominated the ideality factor of the complete LED.  

 

Figure 6.3: The p-n junction measurements for samples K – M (a) before, and (b) after thermal annealing in 

semi-logarithmic scale. The inset in (a) shows the photograph of sample M under forward bias. 

For the samples presented in this section, the � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� and the ideality factor before and after 

annealing are summarized in Table 6.1. The � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio was increased up to three times, and 

the ideality factor was decreased up to 15 times. Though the p-n junction characteristic of the 

LEDs was improved after the thermal annealing, none of the annealed LEDs emitted light. 

These results might be attributed mainly to the reduced structural quality of SLs, poor p-type 

contacts, and the degradation of SL interfaces resulting from the thermal annealing. Therefore, 

the recipes of the (Al,Ga)N:Mg EBL, p-type contact layer on top of the Mg doped 

(Ga,In)N/GaN SL, and the electronical properties of the metal contacts for the p-type layer 

need to be improved to realize the potential of the SLs as p-type HIL described in section 

5.2.4.4.  
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Table 6.1: � 𝑰𝑰𝟓𝟓 𝑽𝑽
𝑰𝑰−𝟓𝟓 𝑽𝑽

� ratio and the ideality factor of LEDs K – M before and after thermal annealing. 

Therefore, in order to achieve light emission the second part of this study focused on the 

implementation of undoped SL in conventional LED structures and is presented in the next 

section.  

 

Figure 6.4: Sketch of the nominal LED structures implemented with undoped SLs as the AR. The parameters 

that were changed from sample to sample are presented by the blue, green, and red shaded areas. 

6.2 Implementation of (Ga,In)N/(Ga,In)N SLs as an AR 

Since the LED based on the p-type SLs as HIL yielded poor results, undoped SLs were 

implemented in LED structures as the AR in place of the conventional 2 – 3 nm thick MQWs 

optimized at TopGaN Ltd. In this case, the SLs consisted of (Ga,In)N QWs and (Ga,In)N 

barriers with In content of 0.02. The emission property of the LEDs was investigated as a 

function of the number of QWs, the thickness of the QBs, and the distance from the last QW 

to the EBL. At first, the LED structures were designed and simulated with the commercial 

SILENSe simulation software. Figure 6.4 presents the structures that were investigated at 

TopGaN Ltd. 
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Figure 6.5: (a), (c), (e) Carrier concentrations for electrons, and holes, (b), (d), (f) energy-band diagrams, (g) 

current-voltage characteristics, and (h) emission intensity results obtained from the simulation of LED structures 

R – T. The simulations were run with a forward current density of 400 Acm-2. In (a) – (f), the surface is indicated 

by the arrow. The thickness is measured from the bottom of the n-type layer. The SL structures are marked by the 

blue shaded area. 
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6.2.1 Simulation of structures using SILENSe software 

The results of the simulations for the carrier concentration, band structure, I-V characteristics, 

and emission intensity are shown in Figure 6.5. For LED samples R – T, the energy band 

diagrams followed the position of the (Ga,In)N QWs similarly to the ones that were described 

in section 5.1.2 [Figure 6.5(b), (d), and (f)]. Note that, for samples R and S, the electrons and 

holes are located at the opposite sides of the AR if compared to sample T [Figure 6.5(a), (c), 

and (e)]. This effect is due to the different thickness of the barriers for these samples. For QBs 

thinner than 6.5 nm, carriers can escape the QWs by tunneling through the QBs and reach the 

opposite side of the (Ga,In)N/(Ga,In)N SL structure [130]. In contrast, for sample T (though 

the distance between the EBL and the last QW was reduced drastically, what should favor 

holes injection), the thicker QB prevented tunneling which yields to a decrease of the electron 

(hole) concentration by a factor 5.5 (10.0) with a peak concentration of 1.6 × 1018 cm-3 (1.5 × 

1018 cm-3). 

 

Table 6.2: Summary of the parameters changed and intensity and peak position of the emission exhibited by the 

SILENSe software, for samples R – T. 

Figure 6.5(g) presents the I-V characteristics for structures R – T. The I-V dependence was 

very similar for these structures and this result indicates that the characteristics of the p-n 

junction was not determined by the AR of the LEDs presented in this section. For samples R, 

S, and T, the theoretical Vth was predicted to be 3.16, 3.19, and 3.16 V, respectively, which is 

close to the values computed in section 5.1.3. Note that, for sample S, Vth is slightly different 

due to the lack of data points. The Figure 6.5(h) presents a simulation of the emission 

intensity corresponding to structures R – T. According to the simulation, structure R should 

exhibit the maximum emission. This result is possibly attributed to the fact that the number of 

the QWs was three times lower in sample R than in sample S, which should increase the 

probability of electron and hole recombination [43]. In contrast, structure T should yield the 

smallest emission and the longest emission energy. A possible explanation might be that the 

electron and hole concentrations inside the AR are lower than in structures S and T due to the 
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fact that the larger thickness of the QB for this structure reduces the tunneling rate of the 

electrons and holes through the AR [43]. 

Table 6.2 summarizes the geometrical parameters of structures R – T and the results of the 

simulation. By increasing the number of QWs for samples S and T, the intensity of the 

emission was decreased by a factor 1.4. Furthermore, the intensity of the emission decreased 

19 times by increasing the thickness of the QBs from 5 MLs to 40 MLs for samples S and T, 

respectively. However, comparing structures R and S, no effect of the distance between the 

last QW and the EBL on the emission was observed. According to these results, structures R 

and S should yield better light emission properties than structure T, and might be better 

candidates for the realization of (Ga,In)N/(Ga,In)N SL based LEDs. 

6.2.2 Growth, morphological and structural characterization 

Three samples with the structures R, S, and T were grown on GaN FS substrate in a Riber-

VG90 PAMBE system under the supervision of Dr. Marcin Siekacz at TopGaN. For all 

samples, the substrate temperature was set to 650 °C. The growth conditions were set to 

achieve metal-excess at the surface. The sample structures consisted of a (Ga,In)N buffer with 

the In content of 0.02 and the thickness of 80 nm, the AR containing periods of a (Ga,In)N 

QW with the nominal In content of 0.25 and the thickness of 1 ML, and a (Ga,In)N QB with 

nominal In content of 0.02 and thickness of 5 MLs (Sample R and S) or 40 MLs (Sample T). 

For samples R, S, and T, the (Ga,In)N/(Ga,In)N SL period was repeated 10, 30, and 15 times, 

respectively. The SL was surmounted by an (Al,Ga)N EBL with the Al content of 0.13 and 

with the thickness of 20 nm. The thickness of the last SL barrier below the EBL was varied in 

order to investigate also the electron and hole injection efficiency. The structures ended with a 

GaN:Mg p-type conductive layer with a thickness of 200 nm, a p-type (Ga,In)N:Mg layer 

with In content 0.02 and thickness 60 nm, and a p-type (Ga,In)N:Mg contact layer with In 

content 0.14 and thickness 5 nm which aimed at optimizing p-type metal ohmic contacts. 

Figure 6.6(a) – (c) presents the AFM images acquired on a (5 × 5) µm2 area of samples R – T 

after the HCl etching to remove metal excess. The structural characterizations were done with 

the support of Anna Feduniewicz-Żmuda and Dr. Marcin Krysko at TopGaN. Samples R – T 

exhibited a rough surface with 3D islands. In droplets traces were also observed, which is 

typical for growth under metal excess [13]. However, the RMS roughness of these samples 

was very similar to the ones of the (Ga,In)N/GaN SL structures described in section 4.2.2.1. 
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Figure 6.6: (a) – (c) AFM images of a (5 × 5) µm2 area of samples R – T after the HCl etching to remove metal 

excess. The RMS roughness measured on each area is indicated at the bottom left. (d) ω – 2θ scans of samples R 

– T around the GaN(0002) reflection. The scans have been shifted vertically for clarity. The simulation curves 

(gray) are superimposed with the measurement data in color. “SLn” refers to the satellite peak of order n. The 

peaks related to GaN(0002) and (Ga,In)N(0002) with In content of 0.02 are also labeled in the graph. The AFM 

scans and XRD measurements were acquired by A. Feduniewicz-Żmuda and Dr. M. Krysko at ToPGaN Ltd. 

The structural quality was studied by XRD, and corresponding ω-2θ scans around the 

GaN(0002) reflection are presented in Figure 6.6(d). The intensity of the simulation did not fit 

perfectly the experimental data due to fluctuation of the In content and interface roughening 

of the (Ga,In)N/(Ga,In)N SLs as also suggested by the sample surface roughness. For samples 

S and T, a clear shoulder appeared at lower angles than the GaN(0002) peak position, which is 

characteristic for (Ga,In)N QWs with an In content of 0.25. For sample R, the position 

expected for the SL0 peak is marked in Figure 6.6(d). This peak was not visible due to the fact 

that it should be rather broad and very weak. For sample S, a characteristic peak at 17.20° 

corresponding to (Ga,In)N with In content of 0.02 was observed which might correspond to 
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the (Ga,In)N QB. For sample T, the SLn satellite peaks appeared on both sides of the 

GaN(0002) reflection revealing that the periodic heterostructure formed with thickness close 

to the nominal barrier thickness. In contrast, for samples R and S, these peaks were not visible 

due to the limited range of the measurement. For these samples, SL-1 is expected at 14.24° 

according to equation (2.5). 

6.2.3 Electrical characterization 

6.2.3.1 Preliminary measurements 

Preliminary measurements of I-V characteristic on the as-grown LED structures were carried 

out to give a quick insight into the electrical properties. The experiment has been conducted 

by Dr. Szymon Grzanka at TopGaN. For a quick-test, the electrical contacts were made of 

indium points. Three contacts to the p-type layers were formed on the top of the sample 

surface, diagonally and equally spaced (black points on inset in Figure 6.7). A forth contact 

was placed at an opposite corner of the samples (red point on inset in Figure 6.7) and it was 

connected to the n-type layer. Therefore, the surface was scratched by a diamond stylus to 

expose the n-type layer below. The emitted light was collected with an optical fiber and 

analyzed with an Acton Spectra-Pro 500i monochromator connected to a CCD camera at RT 

under a current of 100 mA. The emission spectra of samples R – T is illustrated in Figure 6.7. 

Emission from these SLs was achieved and peaked in the range of 2.58 – 3.28 eV. This energy 

range is red-shifted compared to the emission predicted by the simulations presented in 

section 6.2.1 possibly due to the QCSE [119]. The maximum intensity was measured for 

sample T and it was centered at 2.95 eV. Samples R and S exhibited a broader and weaker 

emission than sample T, that may be due to a slight degradation of the interface of the SLs. In 

addition for all samples a broad and structureless emission was observed between 2.00 – 2.26 

eV, which was attributed to the formation of VGa in the GaN crystal [102]. Also, they 

exhibited a second broad emission between 2.26 – 2.58 eV, that is possibly related to emission 

from the p-type GaN:Mg layer on top of the LED structure [102]. 

Thus these preliminary results, revealed that sample T was the most promising structure 

compared to samples R and S, owing its maximum emission intensity. Note that this finding is 

contrasting to the SILENSe simulation results presented in section 6.2.1. However, for a 

correct comparison, a complete device fabrication with optimized contacts was necessary 
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since the contacts used to get these preliminary results were not really reproducible from 

sample to sample.  

 

Figure 6.7: Electroluminescence spectra of samples R – T at RT. The emission bands corresponding to VGa, 

GaN:Mg, and (Ga,In)N QW are labeled. The inset illustrates the schematic of indium contacts placed on the 

samples surface. The measurements were acquired by Dr. S. Grzanka at TopGaN Ltd. 

6.2.3.2 Fabrication and characterization of LED devices based on SPSLs  

Following the preliminary electrical characterization, the samples were processed with 

optimized contacts. Metal squares in different dimensions were patterned on the samples in 

order to study the electrical and the emission characteristics of the samples. The devices were 

defined by ICP-RIE etching system as described in section 4.2.1 to separate neighbor devices 

of 50 × 50 µm2, 100 × 100 µm2, and 200 × 200 µm2 and to prevent cross-leakage current. 

Next, Ni/Au (25 nm/ 75 nm) and Ti/Al/Ni/Au (30 nm/ 60 nm/ 40 nm/ 75 nm) metal contacts 

were deposited on the p-type and the n-type surfaces, respectively. No post-annealing process 

was carried out in order to prevent deleterious effects on the (Ga,In)N layers, except for 

sample T which was annealed at 500 °C for 10 min. The fabrication process was done by 

Krzesimir Szkudlarek at TopGaN. 
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Figure 6.8: (a) p-n junction measurements for samples R – T in semi-logarithmic scale. (b) Output power of the 

LEDs vs. current. (c) and (d) Pictures of the working LED devices S and T under a driving current of 200 mA 

and 10 mA, respectively. 

The I-V measurements of the fabricated devices of 100 × 100 µm2 are illustrated in Figure 

6.8(a). For samples S and T, a clear rectifying behavior of the current was observed [Figure 

6.8(a)]. For sample S, the current first saturated between 1.0 and 3.0 V. For a bias beyond 3.0 

V, the current increased further and saturated again under a voltage of 6.0 V. The first 

saturation was possibly due to the presence of a shunt resistance in the structure, and the 

second saturation may have resulted from the series resistance of the LED [43]. For sample R, 

I-V measurements showed Schottky behavior without a rectifying character which strongly 

indicates incomplete realization of the p-n junction. The Vth of samples R, S, and T was 5.0, 

3.3, and 4.0 V, and the maximum current driven was 4 × 10-5, 8 × 10-1, and 8 × 10-3 A, 

respectively. Beyond these values the current either decreased (sample S), or the devices 

burned (samples R, T). For all the samples, the ideality factor was 7.2. Please note that the 

ideality factor of the p-type contacts was subtracted from the results (section 4.2.4.3). Thus, 

the identical ideality factor obtained for samples R – T suggests that the implementation of 

(Ga,In)N/(Ga,In)N SLs as an AR had possibly no effect on the ideality factor of LEDs that 
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was rather influenced by the carrier concentration introduced by the other layers of the LEDs. 

This result was also obtained from the SILENSe simulations in section 6.2.1. 

Further, the emitted light was collected by a Keithley 2520INT integrating sphere system with 

a Silicon detector. The experiment was conducted by Dr. Szymon Grzanka at TopGaN. The 

corresponding results are presented in Figure 6.8(b). For sample R almost no light emission 

was observed, and the LED failed immediately although according to the SILENSe 

simulation, it should have exhibited the highest emission intensity. A possible reason might be 

the degradation of the AR during growth as suggested by XRD measurements or an inefficient 

p-type doping. For sample S, the output power increased with the current but with a 

decreasing slope until 250 mA. For sample T, the output power strongly increased up to 64 

mA and beyond this value, the LED burned and the output power dropped to zero. Figure 

6.8(c) and (d) show pictures of samples S, and T under the injection current of 200 mA, and 

10 mA, respectively. The cyan and purple color of the emission were correlated with the EL 

emission spectra presented in 6.2.3.1.  

According to the results illustrated in section 6.2.1 and in this section, the LEDs fabricated 

with (Ga,In)N/(Ga,In)N SLs as an AR exhibited light emission in the range of 2.82 – 2.88 eV. 

The intensity of the QW emission increased with increasing the thickness of the (Ga,In)N QB. 

Furthermore, although the maximum intensity was predicted by the SILENSe simulation for 

sample R, this sample did not exhibit emission at all. In contrast, sample S displayed the 

realization of a (Ga,In)N/(Ga,In)N SL AR based LED emitting at 2.86 eV and with an output 

power up to 0.01 mW without failure. However, this value is still much smaller than the 0.84 

mW output power reported by Dimakis et. al. for similar (Ga,In)N/GaN SL based LEDs 

emitting at 3.23 eV under forward bias 200 mA, but for a device area that was 9 times larger 

[131]. 

6.3 Conclusion 

In section 6.1, three LEDs with the implementation of Mg-doped (Ga,In)N/GaN SLs as HIL 

were designed, fabricated and characterized. AFM measurements revealed similar 

morphology to the one of the test SL structures in section 4.2.2.1 but with larger roughness. 

Consistently, XRD measurements indicated the degradation of (Ga,In)N/GaN SLs compared 

to the SL samples presented in section 4.2.2.3. A possible reason might be that the 
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(Al,Ga)N:Mg EBL surface that was grown just below the SLs in two of these samples was too 

rough. After the fabrication process, I-V measurements were conducted to study the p-n 

junction behavior of the samples. The � 𝐼𝐼5 𝑉𝑉
𝐼𝐼−5 𝑉𝑉

� ratio and the ideality factor were approximately 

three times lower compared to the ones measured in section 5.2.4.4 on simple p-n junctions 

with the SLs as the p-type area. Though thermal annealing slightly improved the performance 

of the LEDs, the light emission was insufficient to conduct output power measurements. The 

measurement of the ideality factors of these devices revealed high serial resistances related to 

the different interfaces. Therefore, further improvements in the synthesis of the EBL, a p-type 

contact layer, and the metal contacts are needed for the realization of an efficient LED with 

SLs implemented as HIL. 

In section 6.2, undoped (Ga,In)N/(Ga,In)N SLs implemented as AR in three conventional 

LED structures that were fabricated and studied at TopGaN. The LED parameters were 

investigated as a function of the number of QW, QB thickness, and the EBL distance from the 

last QW. SILENSe simulations of the sample structures predicted that the emission intensity 

should decrease with the decrease of the number of QWs and of the thickness of the QBs. 

XRD studies of the LED samples revealed the periodic structure of the prepared 

(Ga,In)N/(Ga,In)N SL. Preliminary EL measurements with indium contacts revealed the 

emission of (Ga,In)N SLs in the range of 2.82 – 2.88 eV. Furthermore, LEDs were processed 

for electrical and optical characterizations with optimized contacts. For all presented LEDs, 

the ideality factors were smaller compared to the LEDs presented in section 6.1, which can be 

possibly explained by the formation of contacts with lower resistance. One of the LEDs 

exhibited a maximum output power of 0.01 mW when driven up to 250 mA without failure. 

Further work will be necessary for the implementation of SLs as building block of LEDs in 

industrial process. The simulation and realization of LEDs based on SLs implemented either 

as HIL or as AR demonstrated in this study pave the way to real device application as this 

technology presents many advantages that are a high temperature growth window for 

(Ga,In)N growth with improved morphological properties, coherent growth without 

relaxation, the inhibition of threading dislocation generation, and finally, the increased Mg 

concentration in the GaN matrix [8], [17], [131], [132].  

 





117 

 

7. Conclusion and outlook 

For III-Nitride based LEDs, one of the main challenges has been the synthesis of GaN with 

highly effective p-type doping. This issue has been related to a self-compensation mechanism 

that limits the hole density in p-type GaN layers and the recombination rate in the AR [43], 

[116]. Therefore, the optimization of p-type layers that are highly conductive still remains 

mandatory to reduce the internal loss mechanisms and increase the wall-plug-efficiency of 

optoelectronic devices. For p-type GaN, maximum hole concentration is limited as above a 

certain concentration a polarity change of GaN(0001) occurs, and leads to a charge 

compensation effect [8], [10]. Thus, instead of directly increasing the hole concentration in 

the p-type layer, the alternative approach is to promote the hole density in the AR by utilizing 

(Ga,In)N/GaN SLs. P-type conductivity of InN:Mg and (Ga,In)N:Mg layers were already 

reported in the literature, but little was known concerning the effect of Mg on the In 

incorporation in (Ga,In)N:Mg layers [131]. It has been shown that In could increase the 

incorporation of Mg in (Ga,In)N layers due to the creation of more free cation sites by 

desorption of In [58], [59]. Furthermore, it was shown that Mg significantly decreases the 

incorporation rate of In beyond the concentration of 3.1 × 1021 cm-3 in (Ga,In)N [57].  

In this thesis, quantitative analyses have been presented, which brought further understanding 

on the complex mechanisms realizing the incorporation of Mg and In in GaN by 

morphological, optical, and electrical characterization methods. Additionally, the 

implementation of (Ga,In)N/GaN SPSLs as HIL or AR in conventional LED structures as 

building blocks has been studied.  

In-situ investigations revealed that In desorption decreases in the presence of Mg, but 

increases in the presence of N and Mg on GaN(0001) surface. Furthermore, the study of 

(Ga,In)N/GaN SLs with different Mg-doping, performed via growth by PAMBE and 

characterization by QMS, XRD, and SIMS, revealed a significant decrease of the In content in 

the (Ga,In)N ML thick QW when Mg was supplied simultaneously to In. Smooth surface 

morphologies and good structural properties could be obtained for undoped SL, QW doped 

SL, Delta doped SL, and 20% of QB doped SL samples. These SL structures even exhibited a 

better surface morphology than homogenously Mg-doped (Ga,In)N layer. In addition, intense 

SL satellite peaks were observed in the ω – 2θ scans around GaN(0002) by XRD, which 

confirmed the high structural quality of the heterostructures. However, a clear evidence of 
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compressive stress induced by Mg atoms in (Ga,In)N and GaN layers was evidenced. 

Eventually, a maximum Mg concentration of 2.6 × 1022 cm-3 for 1 ML of (Ga,In)N:Mg was 

evaluated by SIMS, suggesting the formation of a quaternary alloy of (Ga,In,Mg)N with In 

and Mg content of 0.04 and 0.54, respectively. 

PL and CL spectroscopy measurements of the Mg doped (Ga,In)N/GaN SLs exhibited no 

emission. This effect was attributed to non-radiative recombination centers related to Mg 

incorporation. Raman spectra of the samples displayed LVMMg from Mg incorporation on the 

Ga site in GaN, but no additional LVM from Mg incorporated on the In site, possibly due to 

the low volume excited in the ML-thick QW.  

Next, some of these doped (Ga,In)N/GaN SL structures were investigated by electrical 

characterization methods. For all presented samples, Hall-effect measurements revealed a n-

type carrier conductivity though a maximum Mg concentration up to 2.6 × 1022 cm-3 was 

deduced in the QW doped SL sample. This result was explained by a high background 

electron concentration induced by the formation of N vacancies in III-Nitrides, and donor-like 

defects induced by Mg doping that possibly caused holes compensation [7], [8]. In contrast, 

thermopower studies revealed the p-type conductivity of the Delta doped SL structure. By the 

realization of p-n junctions based on the Delta doped SL and QW doped SL a rectifying 

behavior of (Ga,In)N/GaN SL structures with an ideality factor lower than 10 was 

demonstrated. The best electrical characteristics were evidenced in three SL structures 

namely: 20% of QB doped SL, QW doped SL and Delta doped SL. 

Based on these results, six different LED structures were fabricated and characterized. Among 

these three LEDS were implemented with the (Ga,In)N/GaN:Mg as a HIL and the three others 

with undoped (Ga,In)N SLs as an AR. However, though the electrical characterization of Mg-

doped (Ga,In)N/GaN SLs (Delta doped SL, 20% of QB doped SL) exhibited a clear p-type 

behavior, the LEDs implemented with (Ga,In)N:Mg/GaN SL did not emit light except for 

reversed LED structure with Delta doped SL implementation. In contrast, the LEDs which 

were implemented with undoped (Ga,In)N/(Ga,In)N as an AR emitted in the 2.82 – 2.88 eV 

range. A maximum output power of 0.01 mW was measured in the LED with 100 × 100 µm2 

device size and under the forward current of 200 mA.  

The novelty of this work is the study of the effect of In and Mg co-doping in SLs both in situ 

and ex situ, and increase the hole injection efficiency by the implementation of (Ga,In)N/GaN 
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SLs as HIL to overcome the compensation effect. This work evidenced the increased 

desorption of In from the GaN(0001) surface in the presence of Mg and confirmed the 

increase of Mg concentration in the presence of In by a surfactant effect. This unique effect 

also might be combined with metal modulated epitaxy method in future work to perform new 

Mg doping strategies for homogenously doped (Ga,In)N:Mg layers [14]. Therefore, the 

efficiency of the (Ga,In)N:Mg layers would further improve without any major changes in 

conventionally used structures. Additionally, Mg-doped and undoped (Ga,In)N/GaN SL 

implemented as HIL and AR LEDs were investigated to estimate the benefits of this 

technology. However, the LEDs with Mg-doped (Ga,In)N SLs had a poor performance due to 

deficient p-type contact, or an imperfect structural quality of the EBL layers. Further 

improvement of these layers is required for assessing the benefit of the hole injection in the 

AR. Furthermore, LEDs with undoped (Ga,In)N/(Ga,In)N SL implemented as AR showed 

output power comparable to former demonstration [131]. However, quantitate investigations 

related to the number of SLs and thickness of the QB are necessary if one intend to increase 

the optical power. Eventually, (Ga,In)N/GaN SLs could be implemented in LEDs both as a 

HIL and an AR, in order to increase the growth temperature and improve the structural 

quality. Besides, further development of the p-type contacts would be necessary to get ohmic 

characteristics. This point would improve the confidence of the electrical characterizations of 

III-Nitride devices, dramatically.  
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Appendix 

List of Samples Prepared by Molecular Beam Epitaxy 

All MBE growths that I have performed are listed in the table below following a 

chronological order. 

Sample ID Description 
Number of 

samples 
M1572-M1575 Al, Ga, In, and N calibration 4 
M1576 AlGaN/GaN MQW calibration sample 1 
M1577, M1578 Mg calibration on GaN and InN 2 
M1579 InGaN/InGaN MQW calibration sample 1 

M1582 In and Mg incorporation companion in-situ experiment 
@690C 1 

M1586 Ga, and N calibration 1 
M1587, M1589 Mg calibration on (Ga,In)N and InN 2 

M1592, M1596 In and Mg incorporation companion in-situ experiment 
@610C, and @580C 2 

M1602, M1604-M1608, 
M1610-M1615 (Ga,In)N/GaN SL samples @610C 9 

M1617-M1619 Al, Ga, In, and N calibration 3 
M1620 InGaN/InGaN MQW calibration sample 1 
M1621 In, and N calibration 1 
M1622 GaN reference sample for electrical characterization 1 
M1626 N calibration 1 
M1634-M1635, M1638-
M1646 

(Ga,In)N/GaN SL samples @630C for electrical 
characterization 11 

M1647 N calibration 1 
M1648, M1650, M1654 InGaN/InGaN MQW calibration sample 3 
M1657 (Ga,In)N/GaN SL sample @610C  1 
M1658, M1659, M1661 (Ga,In)N/GaN SL implemented as HIL LED samples 3 
P2633, P2672, P2714 (Ga,In)N/GaN SL implemented as AR LED samples 3 
  Total count: 52 
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