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Abstrakt 
Rostoucí poptávka po vysoce účinných scintilátorech potřebných v aplikacích vyžadujících navíc i 

rychlou odezvu, jako je například pozitronová emisní tomografie, vede ke zkoumání nových tříd 

materiálů jako potenciálních scintilátorů. Jedním ze slibných kandidátů na rychlé scintilátory jsou 

heterostruktury na bázi nitridů. Pro zamýšlenou aplikaci je však třeba eliminovat defekty způsobující 

luminiscenční pásy s dlouhými dosvity nebo defekty chovající se jako nezářivá centra. V této práci jsou 

studovány nejběžnější bodové defekty ve scintilátorových strukturách InGaN/GaN vypěstovaných 

metodou organokovové epitaxe z plynné fáze a jsou navrženy metody eliminace jejich negativního 

vlivu. Hlavní část práce se skládá ze 6 článků. 

Je ukázáno, že pomalou žlutou luminiscenci z vrstev GaN způsobenou uhlíkovým defektem lze urychlit 

na přijatelnou úroveň pomocí n-typového dopování. Dále jsou představeny modely popisující zkrácení 

doby dosvitu s vyšší koncentrací dopování založené na rekombinaci buď donoro-akceptorových párů 

(DAP) nebo elektron-akceptorové rekombinaci a tyto modely jsou porovnány s experimentálními daty. 

Následně je nalezen a potlačen zdroj kontaminace Zn v InGaN kvantových jamách. Příměs Zn není ve 

vzorku rozložena homogenně, ale je přítomna především v InGaN kvantových jamách, přičemž největší 

koncentrace Zn se nachází ve spodní InGaN kvantové jámě vyrostlé na GaN podkladové vrstvě. 

Hloubkový profil je modelován s ohledem na různé formační energie ZnGa, které závisí na dopování Si, 

polarizačními poli na rozhraní InGaN/GaN a povrchovém potenciálu.  

Luminiscence Zn pásu je rovněž studována pomocí časově rozlišené radio- a fotoluminiscence a na 

intenzitě excitace závislé fotoluminiscence. Velké posuny pásu k vyšším energiím s rostoucí intenzitou 

excitace jsou vysvětleny pomocí DAP modelu. Výsledky ukazují, že za účinnou luminiscenci tohoto pásu 

může efekt kvantování způsobující silnější lokalizaci elektronů vázaných na donorech.  

Vakance Ga jako potenciální nezářivá centra jsou zkoumány pozitronovou anihilační spektroskopií 

(PAS). Navzdory očekávání je zjištěno, že intenzita luminescence GaN excitonu (či volných nosišů) roste 

s vyšší koncentrací Ga vakancí. Předpokládá se, že hlavními nezářivými centry v GaN mohou být 

komplexy Ga vakancí s vodíkem. Ty bohužel nelze pozorovat technikou PAS. 

Proto je použita nepřímá metoda pro studium komplexů vodíku s vakancemi. Hmotnostní 

spektroskopie sekundárních iontů ukazuje, že intenzita luminiscence klesá s vyšší koncentrací vodíku 

ve vzorku. Navíc je pozorována konkurence mezi koncentrací vodíku a zinku, což znamená, že Ga 

vakance mohou být vyplněny atomy Zn, které brání tvorbě komplexu vodík-vakance.  



 

 
 

Ná základě výsledků jsou navrženy optimální podmínky růstu pro jednotlivé vrstvy heterostruktury. 

Tyto podmínky však vedou k tvorbě tzv. V-pitů. Na závěr jsou tedy diskutovány problémy morfologie a 

jejich souvislost s optimálními růstovými podmínkami z hlediska bodových defektů. 

  



 

 
 

Abstract 
Increasing demand for efficient scintillators sought in applications requiring fast response, like time-

of-flight positron emission tomography, has led to exploring a new class of scintillators. One of the 

promising candidates for fast scintillators are nitride-based heterostructures. However, for the 

intended application, the defects producing luminescence bands with long decay times or defects 

acting as non-radiative centres must be eliminated. In this thesis, the most abundant point defects in 

InGaN/GaN scintillator structures grown by Metal Organic Vapour Phase Epitaxy are studied and the 

methods for elimination their negative influence are suggested. The main part of the thesis is 

composed of 6 papers. 

It is shown that slow yellow luminescence from GaN layers caused by carbon defect can be accelerated 

to acceptable range by n-type doping. Moreover, a model describing the decrease of the decay time 

with higher doping concentration based on the donor-acceptor pair (DAP) recombination or electron-

acceptor recombination is introduced and compared with experimental data. 

Next, a source of Zn contamination in InGaN quantum wells (QWs) is found and supressed. The Zn 

impurity is not distributed homogeneously in the sample but is present mainly in the InGaN QWs, the 

largest Zn concentration being found in the bottom InGaN QW grown atop the GaN buffer layer. The 

depth profile is modelled taking into account different ZnGa formation energies which are altered by 

intentional Si doping and polarization fields at the InGaN/GaN interfaces and surface potential.  

The luminescence of Zn band is also studied by time-resolved radio- and photoluminescence and 

excitation intensity-dependent photoluminescence techniques. Large blue-shifts of the band with 

increasing excitation intensity are explained by DAP model considering quantum confinement effect 

causing stronger localization of electrons bound to donors.  

As potential non-radiative centres, Ga vacancies are studied by positron annihilation spectroscopy 

(PAS). Surprisingly, it is found the luminescence intensity of GaN near-band-edge emission is increasing 

with higher Ga vacancy concentration. It is suggested that complexes of Ga vacancies with hydrogen 

might be the main non-radiative centres in GaN. Unfortunately, these cannot be observed with PAS 

technique. 

Thus, different method for studying hydrogen-vacancy complexes is introduced. Secondary ion mass 

spectroscopy reveals that luminescence intensity is decreasing with higher hydrogen concentration in 

the sample. Moreover, a competition between hydrogen and zinc concentration is observed meaning 

that Ga vacancies might be filled with Zn atoms prohibiting the hydrogen-vacancy complex formation.  



 

 
 

From the results, the optimal growth conditions for particular layers of the structure are suggested. 

However, these conditions lead to formation of so-called V-pits. Therefore, the morphology problems 

and their connection with the optimal growth conditions from the point defect perspective are 

discussed.  
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1 Introduction  
1.1 Brief history of nitrides from application point of view 
Binary compounds of Ga, In, Al and B with N called nitrides and their ternary alloys occupy the second 

largest market share after the traditional semiconductor, silicon. However, the tremendous success of 

nitrides was hardly imaginable as late as 1980s. The interest for the principal representant of the 

nitride family, gallium nitride (GaN), was driven by the optoelectronic applications, mainly the blue 

LEDs and laser diodes (LDs). In late 1970s, luminescence properties of GaN doped or implanted with 

variety of elements were studied and even electroluminescence was achieved [1–4]. Unfortunately, 

the efficiency of these first LEDs was too low for commercial applications and many believed that it 

cannot be improved significantly [5]. The most serious problems were lack of suitable substrate for 

GaN growth resulting in heteroepitaxial growth with large dislocation densities and inefficient p-type 

doping. Despite the general scepticism in 1980s, several scientists endured and discovered ways how 

to eliminate the problems behind the low GaN-based LEDs efficiency. Three of them were awarded by 

Nobel prize in 2014 [6]. The first blue LEDs based on InGaN/GaN heterostuctures became commercially 

available in middle 1990s. 

The blue component of the spectra is necessary for white light illumination. First attempts to get the 

white light emission from InGaN/GaN structure included doping of InGaN layers by Zn and Si [7,8]. The 

doping led to white light emission but only at low excitation intensities. The luminescence band caused 

by Zn and Si doping was shifting with higher excitation intensities to higher energies which resulted in 

solely blue emission. However, the shifting of the emission was not satisfactorily explained that time. 

The commercially available white LEDs nowadays usually contain a phosphorus layer like YAG [9] or 

(Sr,Ba,Ca)3SiO5:Eu [10] which converts the blue light into the yellow or amber one. The full-nitride 

white LEDs with different nitride layers producing the white light are still under development [11,12]. 

Hot topic for future market are µLEDs which are keystone for high-resolution, high-efficient, long-

lifetime displays [13,14]. 

Besides optoelectronic devices, nitrides are widely used in radiofrequency, high-temperature and 

power electronics. The main advantages for GaN over and related nitrides over traditional Si devices 

are high saturation velocity, high breakdown field and high temperature operation range [5]. The 

superior characteristics of GaN based electronics are connected with possibility to create nitride 

heterostructures. Devices composed of GaN/AlGaN heterostructure rely on large conduction band 

offset and strong polarization field at the interface which confines electrons in the channel near this 

interface. Such devices with large 2D electron density (typically in order of 1013 cm-2 [15]) alongside 

with the high mobility (reaching more than 2000 cm2V-1s-1 [16]) at room temperature) are called high 



 

15 
 

electron mobility transistors (HEMTs). It is expected that the market with HEMTs will grow more 

steeply than those with optoelectronic devices in future (Fig. 1) [17].  

 

Figure 1: Prediction of nitride market evolution in the near future. Reproduced from [17]. 

Moreover, it is predicted that GaN-based transistors will play dominant role in applications requiring 

simultaneous high operation frequency and high breakdown voltage. Typical example are networks of 

a new generation [18,19].  

Emerging optoelectronic applications under development include also UV detectors [20,21], UV LEDs 

[22,23] and lasers [24], photovoltaic cells [25,26] or scintillators [27–29], as will be discussed in detail 

in chapter 1.4. 
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1.2 Nitrides: basic properties  
Elements of the group III in periodic table may form binary compounds with nitrogen commonly 

referred as nitrides. Because this work is focused on scintillator application, the relevant nitrides are 

only InN, GaN and AlN and their alloys which are grown as single-crystals. Therefore, speaking about 

nitrides will refer only to these ones. The possible crystal forms for these nitrides are wurtzite, 

sphalerite or NaCl-type. For the common ranges of temperatures and pressure, the wurtzite is the 

stable one [30], although some attempts to access sphalerite forms were successful [31,32]. The bond 

has covalent character with a little addition of ionic bond character. The ionic contribution CIon is 

increasing in the order 𝐶஺௟ே
ூ௢௡ < 𝐶ூ௡ே

ூ௢௡< 𝐶ீ௔ே
ூ௢௡  [30]. All these nitrides are considered semiconductors, 

although especially p-type doping by conventional methods of AlN is difficult [33], with the direct band 

gap.  

Property InN GaN AlN 

Lattice parameter a [nm] 0.386 0.320 0.311 

Lattice parameter c [nm] 0.580 0.522 0.502 

Band gap at 0K [eV] 0.69 3.50 6.23 

c/a ratio 1.618 1.633 1.616 

Spontaneous polarization [Cm-2] -0.042 -0.034 -0.090 

Tab. 1: Basic properties of binary nitrides. Lattice parameters are from [34], band gap energies from [35], spontaneous 
polarization values from [36]. 

 

Figure 2: a) Band gap of nitrides dependence on the lattice parameter [35], b) GaN elementary cells forming the hexagonal 
strcuture [37]. 

 

a)  b)  
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The basic crystallographic parameters of the wurtzite binary nitrides are given in Tab. 1. It is evident 

that the c/a ratio is different for these nitrides. The band gap energy of the alloys can cover spectral 

range from UV to near-infrared, as can be seen from fig. 1a).  

Wurtzite structures are usually represented by 4 Bravais-Miller indexes (h, k, i, l), but 3 indexes 

notation is also used. The index i is superfluous and it must satisfy 𝑖 = −(ℎ + 𝑘). However, 4 indexes 

notation is useful to recognize the hexagonal symmetry of the planes and directions (fig. 2b)). 

Because the wurtzite structure lacks the centre of symmetry, spontaneous polarization is present in 

nitride crystals. Direction of polarization is parallel to c axis (direction (0001)). Values, which were 

obtained by first-principle calculations, are given in Tab 1. Interface between different nitrides like GaN 

and AlN means discontinuity of spontaneous polarization resulting in generation of internal 

polarization field. Beside it, a piezoelectric field must be taken into account on the interfaces of 

different nitrides. These polarization fields alternate the band structure of a material. More detailed 

discussion can be found in the next section 1.3. 

Many properties of ternary alloys like InGaN, AlGaN or InAlN, are not linear functions of the relative 

concentrations of the III group elements. They can be approximated by quadric relationships known 

as quadratic Vegard’s law (although the dependence for InAlN is even more complicated [36]). A 

material property 𝑃(𝑥) in ternary alloy AxB1-xN can be therefore expressed by 

𝑃(𝑥) = 𝑥 × 𝑃஺ + (1 − 𝑥) × 𝑃஻ + 𝑏 × 𝑥 × (1 − 𝑥) (1) 

 The physical reasons for this non-linear dependence lie in the bond length alternation, volume 

deformation (different c/a ratio for different binary nitrides) or a disorder of the alloy [36]. The 

quadratic term is specified by the bowing parameter b.  

1.3 InGaN/GaN heterostructures: basic properties 
InGaN/GaN heterostructures are a unique physical system, especially from the luminescence 

mechanism point of view. One of the surprising characteristics is high luminescence efficiency also in 

the high dislocation-density regime, although dislocation are thought to behave as non-radiative 

centers [6]. In conventional materials used for LED fabrication like GaP or GaAs, dislocation density is 

required to be in order 105 or 106 cm-2 to obtain 50 % internal efficiency. However, InGaN/GaN based 

LEDs can work with the same efficiency with dislocation density more than 2 or 3 orders of magnitude 

higher. One of the possible explanation can be connected with V-pits, as discussed in section 1.7 [38]. 

Another widely-excepted explanation involves local potential minima occurring in InGaN layer caused 

by random alloy fluctuations (or quantum well width fluctuations in the case of QW structure) [39]. 
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These potential minima might localize carriers before they can non-radiatively recombine on 

dislocations [40]. However, there are still observations hardly explainable by this theory.  

One of them is connected with very long lateral diffusion length of carriers reaching up to tens of 

micrometres [41] which is far beyond the average dislocation distances in the high dislocation density 

regime. The long diffusion length of carriers is confirmed also by problems connected with lateral 

downsizing of the InGaN/GaN material for microLEDs fabrication [14]. Second question arises from the 

time-resolved photoluminescence. Presence of local potential minima should results in non-

monoexponential decay curves with shape similar to donor-acceptor (DAP) recombination, as 

proposed in [42]. However, the decays are often found to be of different character. A different model 

suggesting presence of both bound exciton and free (uncorrelated) carriers was found to fit large 

variety of experimental data well [43]. This would suggest that high efficiency of luminescence found 

in the samples without the carriers localized on lateral potential minima have different origin. 

As was mentioned briefly in the previous section 1.2, the interface between different nitrides like GaN 

and InGaN results in presence of piezoelectric and spontaneous polarization field. The field modifies 

the band edges of the heterostructure. In conventional Ga-face InGaN/GaN quantum well structure, it 

leads to a spatial separation of electrons and holes which should lead to lower radiative efficiency and 

longer decay times compared to polarization-free structures.  

Spontaneous polarization for InGaN/GaN heterostructure with in content 𝑥 can be obtained using [36] 

𝑃ௌ௉(𝑥) = −0.042𝑥 − 0.034(1 − 𝑥) + 0.037𝑥 × (1 − 𝑥). (2) 

The piezoelectric field is calculated from the Hook’s law [36]: 

𝜎௜ = 𝐶௜௝𝜀௝,         i,j = 1,2,…6, (3) 

where we use Voigt notation and 𝜎௜ are components of stress tensor, 𝜀௝ are components of 

deformation tensor and 𝐶௜௝ are components of the elastic tensor. Elastic tensor for wurtzite crystal has 

the form 

𝐶 =

⎝

⎜
⎜
⎜
⎛

𝐶ଵଵ 𝐶ଵଶ 𝐶ଵଷ 0 0 0
𝐶ଵଶ 𝐶ଵଵ 𝐶ଵଷ 0 0 0
𝐶ଵଷ 𝐶ଵଷ 𝐶ଷଷ 0 0 0
0 0 0 𝐶ସସ 0 0
0 0 0 0 𝐶ସସ 0

0 0 0 0 0
ଵ

ଶ
(𝐶ଵଵ − 𝐶ଵଶ)⎠

⎟
⎟
⎟
⎞

, 

(4) 
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For a conventional InGaN/GaN growth in [0001] direction without shear stresses, the only relevant 

non-zero components are 𝜀ଵ = 𝜀ଶ = 𝜀଴ =  
௔ృ౗ొି௔౅౤ృ౗ొ

௔౅౤ృ౗ొ
 and 𝜎ଵ = 𝜎ଶ. Considering this, the 𝜎ଵ has the 

form 

𝜎ଵ = 𝜀ଵ(𝐶ଵଵ + 𝐶ଶଶ −
ଶ஼భయ

஼యయ
), (5) 

And finally, the only non-zero component of piezoelectric polarization can be expressed as 

𝑃ଷ
௉௓ = 𝑑ଷଵ(𝜎ଵ + 𝜎ଵ) = 2𝑑ଷଵ𝜀ଵ(𝐶ଵଵ + 𝐶ଶଶ −

ଶ஼భయ

஼యయ
), (6) 

where 𝑑ଷଵ is a piezoelectric constant. After numerical evaluation, the eq. (6) has the form 

𝑃ଷ
௉௓(𝑥) = 0.148𝑥 − 0.0424𝑥(1 − 𝑥)     (in Cmିଶ). (7) 

The total polarization is then given as the sum of the piezoelectric and spontaneous polarizations 

𝑃(𝑥) = 𝑃ௌ௉(𝑥) + 𝑃௉௓(𝑥). (8) 

The sheet carrier density 𝜎 at the InGaN/GaN interface is given as a difference between the total 

polarization of GaN and InGaN 𝜎 = 𝑃(0) −  𝑃(𝑥). Electric field in the growth direction can be finally 

obtained by integrating this sheet charge density from all interfaces presented in the structure as 

𝐸(𝑟) =
1

4𝜋𝜀
ඵ

𝜎(𝑟ᇱ)𝑑𝐴

(𝑟ᇱ − 𝑟)ଶ
, 

(9) 

where 𝜀 is the permittivity.  

However, electric fields of different origin are always present in the InGaN/GaN structure, too. These 

include electric field generated by ionized donors and/or acceptors or surface potential of a 

semiconductor. In the simulation of the band structure all these charges generating electric field must 

be considered in the integration of eq. (9) [44].  

1.4 InGaN/GaN heterostructures as scintillators 
Historically, first application of materials as scintillators (CaWO4 and ZnS) is connected with discovery 

of X-ray radiation [45] at the end of 19thcentury. Since then, many other scintillator applications with 

different demands have emerged. In general, requirements for scintillator include [45]: 

1. high light yield (LY) 
2. stopping power for given type of radiation 
3. scintillation response - decay time 𝜏𝑑 and rise time 𝜏𝑟 
4. spectral matching between the scintillator emission spectrum and photo-detector 
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5. chemical stability and radiation resistance  
6. linearity of light response with the incident particle or photon energy – energy resolution 

InGaN/GaN scintillators have potential to match all these criterions: 

1. InGaN/GaN heterostructures have been reported to possess ultimately high internal 
quantum efficiency over 80 % [46]. Theoretical maximal LY is inversely proportional to 
bandgap of a material, which also favors InGaN/GaN over conventional scintillators with 
larger bandgaps.  

2. (In)GaN material is dense material with density of 6.15 g/cm3. 
3. Wannier excitons in GaN have binding energy around 25 meV [47] and excitons in InGaN 

quantum wells (QWs) should have binding energy even higher which should ensure existence 
of excitons with fast decay times at room temperature. 

4. InGaN/GaN emission energy can be tuned in theory from near UV to near infrared spectral 
region [35]. 

5. Nitrides are stable even in highly-corrosive environments [48] 
6. If excitonic radiative process is the dominant one, linearity should be ensured.  

However, specific requirements are needed in the case of individual applications and one universal 

material for scintillator can be hardly obtained. InGaN/GaN heterostructures are suitable for only 

several applications, example of which will be discussed below. Main limitation of these structures is 

the thickness of active region with InGaN QWs which is up to few micrometers at best while the 

penetration depth of for example 511 keV photon is about 210 µm (if we assume that the photon loses 

its energy through Compton scattering). This limitation is discussed in our previous work [49]. 

A large demand for scintillator with fast rise and decay times emerged for example in field of positron 

emission tomography (PET) where time-of-flight (TOF) detectors with sufficient time resolution are 

necessary for higher real-space precision. Nowadays, conventional scintillators based on ionic crystals 

doped with either transition metals or rare-earth elements are still in use. For TOF-PET applications, 

the state-of-art scintillators used are LYSO:Ce crystals with LY around 40 000 photons/MeV and decay 

time 40 ns which limits the best time resolution given as 𝐶𝑇𝑅 ≈ ට
ఛೝఛ೏

௅௒
 to 72 ps. However, application 

nowadays demand time resolution better than 10 ps [50]. InGaN/GaN heterostructures are promising 

candidates to reach this limit. Due to the limited thickness of InGaN/GaN heterostructure, a special 

sandwich structures are usually considered for this application. The sandwich consists of bulk 

scintillator with high LY which provides energy resolution while the fast scintillator (InGaN/GaN) serves 

as the time tagger [51,52]. 

Aside from high-energy photon detection, large demand for high-energy particle detection is 

important for several applications. In the case of low-penetration depth of such particles which would 
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hand over all their energy in the active region, InGaN/GaN scintillators might benefit from the high 

internal radiative efficiency and fast decay time.  

1.5 Point defects in GaN and InGaN 
Point defects are usually referred as 0D defects meaning that their size is comparable or smaller than 

the lattice parameter in all dimensions. Depending on their origin, they can be divided into extrinsic 

and intrinsic point defects. Presence of intrinsic defects (vacancies, interstitials or antisite defects) are 

unavoidable since the material is grown at non-zero temperature.  

From the scintillator perspective, point defects can act as radiative or non-radiative centres or as a 

electron or hole trap. Usually the point defects are considered to be detrimental for scintillator 

performance: non-radiative defects degrade the maximal LY, traps will deteriorate the luminescence 

decay times of all radiative channels and radiative defects have commonly very long decay times. 

Moreover, defects can affect diffusion length of excited by carriers and absorption of luminescence 

can be also significant [53]. Recently, attention is paid to so-called defect-assisted Auger recombination 

mechanism which might be the main non-radiative process in moderate excitation intensity regime 

[54]. Therefore, understanding the defect formation and their luminescence characteristics are 

fundamental for successful fabrication of a scintillator.  

Probability of defect formation can be presumed by computing formation energy diagrams. These 

diagrams rely on a density functional theory (DFT) calculations. The basic concept is to calculate 

formation energy 𝐸௙. For example, for a defect on a Ga site the formation energy is calculated as [55]: 

𝐸௙ = 𝐸௧௢௧
ௗ − 𝐸௧௢௧

ீ௔ே + µீ௔ − µௗ௘௙ + 𝑞(𝐸ி + 𝐸௏) + 𝛥௤, (10) 

where 𝐸௧௢௧
ௗ  is the total energy of supercell containing the defect in charge state 𝑞, 𝐸௧௢௧

ீ௔ே is the total 

energy of the supercell without defect, µீ௔ and µௗ௘௙ are chemical potentials of Ga and defect species, 

𝐸ி the Fermi level position with respect to valence band maximum 𝐸௏  and term 𝛥௤ represents the 

finite cell correction. For defects on nitrogen site, interstitials or vacancies, the equation (10) has to be 

reformulated accordingly.  

A short review of the most common point defects presented in GaN and InGaN is given below. 

1.5.1 Carbon on N site CN 
Carbon is one of the most frequently observed contaminants in (In,Al)GaN crystals. Its presence during 

the growth by Metal Organic Vapor Phase Epitaxy (MOVPE), technique widely used in industry, is 

unavoidable since C-rich precursor gases like trimethylgallium or triethylgallium are dominant 

precursor for cations [56,57]. Carbon incorporates preferentially on nitrogen site at low carbon 
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concentration when the Fermi level is in the upper part of the bandgap, where it acts as deep acceptor 

(Fig. 3a). This is can be confirmed by Raman spectroscopy or Fourier-Transform infrared (FTIR) 

spectroscopy [58]. When the Fermi level is pinned to the lower part of the bandgap, carbon will 

incorporate as a donor. According to the first principle calculations, it should be presented as carbon 

on Ga site (CGa) acting as resonant donor. However, no experiment so far has confirmed its presence 

in this form. On the opposite, FTIR  measurements indicate that carbon will form tri-carbon complexes 

CN-CGa-CN [59] at high carbon concentrations, although theoretical calculations predict very high 

formation energies  for this complex (Fig. 3c). 

High-quality unintentionally doped MOVPE-grown GaN samples are usually n-type conductive [60]. 

Carbon is one of the most widely used acceptor for n-type conductivity compensation which is needed 

for example in HEMT structures. However, due to the amphoteric behavior of carbon described in the 

paragraph above, the resistivity of GaN:C layers is limited [61]. 

A luminescence behavior of carbon in GaN is quite well understood nowadays. Although early papers 

suggested CN to be a shallow acceptor with luminescence band around 3.25 eV and ionization energy 

230 meV [62], further experiments and theoretical calculation revealed that CN acts as deep acceptor 

with transition level (0/-) and ionization energy 0.9 eV giving rise to (in)famous yellow band (YB) with 

maximum at 2.2 eV in GaN [63–67]. It behaves as very efficient luminescence centrum with hole 

capture coefficient 𝐶௣ = 4 × 10ି଻ cmଷ𝑠ିଵ[68]. However, CN forms also a second transition level (+/0) 

which is observed in luminescence spectra as blue band (BBC) with maximum at 2.85 eV [69]. To 

observe this band in PL spectra, CN defect has to capture two holes, meaning it can be observed mostly 

at high excitation intensities and in resistive samples when the time decay of luminescence is slow due 

to the low electron concentration.  
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Figure 3: a), b), c): Formation energies of C-related defects from [55]. 

It should be emphasized that while CN is very common defect in MOVPE grown GaN, the role of carbon 

in InGaN layers is not well documented. Carbon concentration in InGaN layers is usually much lower 

than in the GaN counterparts since MOVPE growth of InGaN layers require very large V/III ratio leading 

to highly N-rich conditions which decrease the CN formation probability. Carbon concentration was 

found to depend on reactor pressure and was suggested to act as nonradiative centrum in InGaN layers 

[70]. 

1.5.2 Zinc on Ga site ZnGa 
GaN doped with Zn is known for its high resistivity since 1970s [71]. Zn sits preferentially on the Ga site 

where it acts as quite deep acceptor with the ionization energy between 300 and 400 meV [72]. Similar 

to CN, ZnGa is a very efficient luminescence centrum in GaN with a hole capture coefficient 𝐶௣ =

5 × 10ି଻ cmଷ𝑠ିଵ [68]. The only transition level (0/-) is responsible for a blue emission at 2.9 eV with 

well resolved zero phonon line (ZPL) at 3.09 eV at low temperatures [72]. However, older reports 

suggest more levels in GaN bandgap caused by Zn doping. These were manifested by broad PL bands 

at 2.6, 2.2 and 1.8 eV and attributed to ZnN defect formed when the samples were heavily Zn-doped 

[73]. ZnGa is also one of the few documented acceptors which give rise to a exciton-bound-on-acceptor 

peak in GaN luminescence spectra which helps to unambiguously identify the defect by PL 

spectroscopy [73]. 

Unlike carbon on nitrogen site, zinc on gallium site is readily incorporated into InGaN layers when 

present during the growth in the chamber. The emission wavelength of Zn band (BB1) depends on 

InGaN bandgap [8]. Zn doping was studied as a potential way for white LEDs in 1990s and at the 

beginning of the new millennium, as described in the section 1.1.  
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1.5.3 Ga vacancies VGa and their complexes 
The presence, concentration and properties of Ga vacancies in GaN are still a research topic with no 

definitive conclusions. From the intrinsic (native) defects, only Ga and N vacancies might have small 

enough formation energies to be found in GaN in detectable concentration according to the first 

principle calculations [53,74]. However, VGa concentrations found in GaN samples are much larger than 

predicted by theory, typically in order of 1017 − 1018 cm−3 in bulk GaN grown by  a Hydride Vapor Phase 

Epitaxy (HVPE) or ammonothermal methods [75–77].  

Ga vacancy should form four transition levels in GaN bandgap, from (-3/-2) to (0/1) states. In the n-

type GaN, the ground state should be −3, acting as a compensation centrum. However, from the first 

principle calculations, VGa concentration is negligible and Ga vacancies can be found much more likely 

in complexes. Formation energies of the most relevant complexes for typical MOVPE growth of GaN 

are depicted in Fig. 4a,b [78].  

Ga vacancies are mostly studied by positron annihilation spectroscopy (PAS), as described in 

Experimental section 2.4. Since PAS measurements are sensitive to defects with open volume, 

complexes of vacancies with two or three hydrogen atoms can be hardly detected with this technique 

since the volume is filled with the additional atoms. On the other hand, vacancies complexed with 

oxygen on nitrogen site have very similar positron lifetime as bare Ga vacancy making it hard to 

distinguish between them although Doppler broadening spectroscopy might help to overcome this 

problem [79]. Also, FTIR spectroscopy can be used to identify vacancy complexes with hydrogen. 

However, this possibility is limited to bulk crystals only [80]. 

Since there are uncertainties even in the presence and form of Ga vacancies in GaN, their optical or 

electrical behavior is still matter of debate. In the past, Ga vacancies or their complexes with oxygen 

were reported to be responsible for YB [77,81,82]. Recent calculations suggest that Ga vacancies 

should act as a non-radiative centrum in GaN and in InGaN [78]. 
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Figure 4: Formation energies of Ga vacancy and its complex with a) hydrogen, b) oxygen and hydrogen according to [78]. 

1.6 Dislocations in GaN 
Non-radiative centers in GaN and InGaN are not restricted to point defects. The luminescence 

efficiency can be influenced also by presence of 1D defects like dislocation or 2D defects like stacking-

faults. Stacking faults are typical defects present in wurtzite GaN layers grown in non- or semi-polar 

direction or in zinc-blende structure GaN [83–86].  

For wurtzite GaN grown in [0001] direction on foreign substrate, for example sapphire, the most 

abundant defects include dislocations. Lattice mismatch between the sapphire substrate and GaN 

results in misfit dislocation formation at the interface. Misfit dislocation can also form on InGaN/GaN 

interfaces to release the strain [87]. However, the problems with the device performance are linked 

mainly to the threading dislocations [88]. Threading dislocation can be described as edge (or a type) 

with Burges vector ଵ

ଷ
〈1120തതതത〉, screw dislocation (or c type) with Burges vector ଵ

ଷ
[0001] or mixed (a+c 

type) with Burges vector ଵ
ଷ

〈1123തതതത〉 [88].  

Threading dislocations’ formation mechanism at the sapphire-GaN interface is not clear yet. One of 

the theories suggest that threading dislocation come from different tilt or twist of initial GaN islands 

grown during the nucleation phase of the growth relative to the sapphire substrate and their 

subsequent coalescence [89,90]. However, transmission electron microscopy (TEM) study [91] 

challenged this theory and suggested that coalescence of two Frank’s faults is the main source of 

threading dislocations in GaN on sapphire. Most probably, the dominant source of the threading 

dislocation is growth-conditions dependent [88]. 

It should be noted that there is still no consensus about the dislocation density determination. Since it 

is an important characteristic of the sample, a method for dislocation density determination should be 
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non-destructive (this eliminates etching method). TEM technique will provide accurate dislocation 

density, but only on statistically very limited ensemble, plus the sample is destroyed, too. The most 

common technique is X-ray diffraction (XRD). According to classical models (sometimes referred as 

models of misoriented blocks), the dislocation density can be obtained from peak FWHM of suitable 

rocking curve [92–94]. Because of discrepancies of this simple models with dislocation density 

obtained from TEM for GaN on a sapphire substrate, a more advanced models based of peak FWHM 

were additionally developed [95]. However, further studies showed that the FWHM is not sufficient 

parameter to determine the dislocation density. The main problem lies in the spatial correlation of the 

dislocations and the fact, that tilt and twist of misoriented blocks are not suitable description of GaN 

crystal structure grown on sapphire. Models which account for the above mentioned discrepancies are 

under development [96–98]. 

In semiconductors, dislocations are usually considered to act as non-radiative centers [88]. However, 

the GaN-based LEDs have high efficiency despite the high dislocation density compared to other 

semiconductors like GaP or GaAs. Therefore, the question whether dislocations in GaN act as non-

radiative centers was studied. Several groups concluded that dislocation indeed behave non-

radiatively [99,100]. The method which is usually adopted in similar studies involve 

cathodoluminescence (CL) mapping accompanied by an electron beam-based imaging technique.  

However, the non-radiative center theory can be justly challenged since according to results in 

[101,102], dislocations are charged in GaN. Therefore, CL mapping just provides contrast due to charge 

repelling from dislocation cores instead of non-radiative recombination. The question about 

dislocation acting as non-radiative center remains quite open, especially if we take into account 

excitonic recombination mechanism which should not be affected by dislocation charge [88].   
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1.7 Role of V-pits in GaN and InGaN/GaN structures 

 

Figure 5: a) TEM image of V-pit in InGaN/GaN structure [103], b) SEM images of different orientation of V-pit sidewalls: top 
{11-22} [104], middle {10-11}, bottom combination of {11-22} and {10-11} [105]. 

Performance of scintillator is also affected by light extraction which is influenced by a surface 

morphology. Growth of InGaN/GaN region is usually performed under conditions which are far from 

optimal c oriented GaN growth. The main requirement for In incorporation into the structure is the 

low growth temperature of InGaN QW and GaN barrier. Therefore, structural defects are commonly 

observed. Very extended studies were performed on defect called V-pits since their first observations 

[106,107]. Typical observation on TEM of surface V-pit is shown in fig. 5a. It was established that V-pits 

are formed on a threading dislocations with screw component [106,108]. The sidewalls of the V-pits 

are formed by {10-11} planes [106,109], although planes {11-22} can be achieved [104]. Sometimes V-

pits are formed by 12 sidewalls combining these two groups of planes [105]. All these possibilities are 

shown in fig. 5b) as scanning electron microscopy (SEM) images.  

Theoretical model explaining origin of V pits was introduced in [110]. It is based on Franks’ model [111] 

for balancing elastic strain energy of dislocation with free surface energy. However, Franks’ model 

predicts opening of V-pits but does not predict its enlarging with further layer growth which is 

contradictory to the observations (for example fig. 6a)). The problem is validity of Franks’ model which 

is limited for equilibrium processes, while MOVPE growth is only locally equilibristic process [110]. This 

means that the system can be described by the same macroscopic entropy function with the same 

variables, but their local values are in thermodynamical equilibrium only for limited mass element of 

a medium. According to this theory, V-pit opening is caused by inability to keep the same local 

equilibrium for edge and spiral centre of a dislocation line. The local equilibrium and consequently the 
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V-pit size is affected by elastic energy of dislocation, free surface energy and kinetic processes which 

can be influenced by the growth conditions.  

 

Figure 6: relative growth rates for a) low V/III condition and b) high V/III condition [112]. 

The growth rate on semipolar planes {10-11} and {11-22} is reduced in comparison to (0001) [112]. The 

fig. 6 shows the relative growth rates in the form of kinetic Wullfs plot, from which a crystal shape can 

be derived. The growth rates are obtained experimentally by growing GaN crystals on patterned GaN 

templates with different orientations [112]. For growth of active InGaN/GaN region, high V/III ratio is 

typical (Wullf plot in fig. 6b)). It is clearly seen that from nonpolar or semipolar planes, the {11-22} and 

{10-11} have the largest growth rates. Hence, their formation is the most probable when the deviation 

from c-plane occurs.  

Consequence of the lower growth rate on V-pit sidewalls are thinner InGaN QWs on the facets. It 

means that energy levels in these InGaN QWs are shifted to higher energies. Therefore, these QWs act 

as potential barriers for the carriers and separate the carriers from dislocation core [38]. This feature 

helps to increase InGaN/GaN efficiency as the dislocation are considered to act as non-radiative 

centres [113] (but the consensus is not achieved, see discussion in section  1.6). 

The attempts to find the ideal V pit size were made. Our group suggested optimal diameter of V-pits 

in range 200 – 300 nm [49]. Exceeding this diameter results in lowering PL efficiency because large 

ratio of surface is covered by V-pits and therefore small portion of flat surface (where the PL 

dominantly comes from) is left.  

The ideal V-pit diameter around 200 – 250 nm was found in [103]. However, their explanation was 

different: when growing more InGaN QWs (and consequently enlarging the V-pit), the growth rate on 

semipolar planes increases while the In incorporation gets worse. On that account, the potential 

barrier formed by V pit QWs decreases and blocking carriers from dislocation core is worse when 

increasing V-pit size.  



 

29 
 

In electroluminescence measurements, V-pits can serve as efficient carrier transport paths, which can 

be beneficial in LEDs with higher number of QWs [114,115].  
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2 Experimental 
2.1 MOVPE reactor and QWs growth 
A term “epitaxy” was first used in 1928 by French mineralogist Louis Royer [116] and it comes from 

Greek epi (meaning above) and taxis (meaning an ordered manner). It is one of the methods for crystal 

growth with well-defined orientation. MOVPE is a type of epitaxy growth technique history of which is 

dated back to the 1960s [117]. Nowadays, it is one of the most wide-spread technique for 

semiconductor material growth both in science and industry [117]. 

During the MOVPE growth, precursors are transported to the reactor chamber where they are (usually 

thermally) dissociated to simpler molecules which are adsorbed on the sample surface. Next, the 

required atoms are released from these molecules and they can either diffuse on the surface, desorb 

or be incorporated into the crystal lattice of the material [118]. A schema of the MOVPE process is 

shown in Fig. 7. 

 

Figure 7: Schema of the MOVPE process. From [119]. 

Aside from the growth conditions like temperature, pressure, precursor type and flow etc., critical 

parameter for MOVPE growth is a difference between substrate lattice parameter alongside with its 

thermal expansion coefficient and the grown layer. Since there is still lack of commercially available 

bulk GaN substrates which could be used for homoepitaxy, heteroepitaxy usually takes place. Table 

2.2 shows the most common substrates used for GaN growth. 
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Property Sapphire SiC Si GaN 

Lattice mismatch vs GaN -16% 3.5% -17% None 

Thermal mismatch vs GaN -25% 33% 116% None 

Cost [euro/cm2] (year 2012) 1 10 0.1 100 
Tab. 2: Properties of common substrates for epitaxial GaN growth [120]. 

Nowadays, structures grown on SiC and sapphire substrates possess comparable quality. The large 

lattice mismatch in the case of sapphire is solved by so-called buffer layer. This technique is based on 

low temperature (480°C – 600°C) buffer layer followed by high-temperature annealing. After this 

procedure, the high-quality GaN epilayer can be grown [121]. Still, the dislocation density in the GaN 

layers on sapphire without any additional improvements usually stays in order 109 cm-2.  

The InGaN layers growth requires significantly lower temperatures than GaN layers and higher In 

precursor flow rates than source of Ga because of the higher vapour pressure of indium compared to 

gallium [122]. For the scintillator application, a high number of InGaN QWs is needed so the active area 

is as “thick” as possible since the penetration depth of high-energy radiation can be in order of 

hundreds of micrometres or even millimetres. For example, penetration depth of 511 keV gamma 

radiation is 12 mm in conventional LYSO scintillator [123]. In the case of InGaN/GaN, “thick” means 

thickness in order of micrometres because of the growth limitations.  

On the other hand, the p-type doped material is not necessary contrary to LEDs, so difficult task of p-

type doping is irrelevant for this application.  

All the samples referred in this work were grown on the Aixtron 3 × 2 CCS MOVPE system equipped 

with LayTec EpiCurveTT apparatus for in situ measurement of reflectivity, curvature and true wafer 

temperature. Sapphire substrates with c-plane orientation were used for most growths, only a few 

samples were grown on thick GaN substrates, GaN templates on sapphire substrates, patterned 

substrates or sapphire substrates with different orientations. If the substrate is different from c-plane 

sapphire, it will be clear from the text. Buffer layers were grown with trimethylgallium (TMGa) and 

ammonia (NH3) precursors with a hydrogen carrier gas. The active region precursors were NH3, 

triethylgallium and trimethylindium as sources for N, Ga and In respectively.  

First, the low-temperature GaN layer was grown at 550 °C followed by 3 μm-thick GaN epilayers. Before 

the growth of active region, a GaN layer doped with silicon was added (target doping 1018 cm−3). 

Growth parameters of the InGaN QWs differ among the samples and they are mentioned in the text, 

if necessary. Generally, typical InGaN QW thickness is below 2 nm and In content is between 5 – 10 %. 

After each stack of five QWs and QBs, 25 nm-thick GaN separation layer with the same growth 

temperature as for QB was grown. The whole structure was capped with a GaN layer to prevent the 
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active region being affected by the surface states. Thicknesses of cap layers among the samples are 

different, too. 

2.2 Photoluminescence measurements 
Samples were characterized by two standard PL emission spectra measurements. The first setup 

consists of 375 nm laser with spot 0.5 mm in diameter and maximal excitation density 10 Wcm-2 

(resonant excitation of QWs and defect states below GaN bandgap), SDL-1 double-grating 

monochromator and GaAs photomultiplier tube for measurements in the visible region. The setup uses 

a Lock-in detection with chopping at frequency of 35 Hz. The measurement step was 1 nm for most of 

the measurements. The samples were excited from the active region side (front side) under the angle 

30° from surface normal and the luminescence was collected from the front side by elliptic mirror.  

Energy resolution δE is given by monochromator slits widths ds with an approximate relationship δE = 

1.6·10-6ds, which means resolution 1.6 nm at slits widths 1 mm. Typical slits width range for 

measurements was 0.05 – 2.5 mm. The slit was set independently for each measurement to get 

maximal signal. As a consequence, at low emission intensities, the energy resolution gets worse and 

some luminescence features may disappear (like Fabry-Perot oscillations). Measured spectra were 

multiplied by λ2 to obtain intensity dependence on energy rather than wavelength [124]. Wavelength 

375 nm (= 3.3 eV) can excite only InGaN QWs and defect states in GaN bandgap as the energy is below 

the GaN bandgap. It enables to excite the whole active region even at high number of QWs because of 

the low absorption on QWs.  

The second PL setup uses confocal microscope LabRAM HR Evolution, He-Cd laser (wavelength 325 

nm) with maximal used excitation density 0.5 Wcm-2, objective 74CG, spot diameter 2 µm and CCD 

detector Synapse with UV enhanced sensitivity. Both excitation and emission light were passed 

through objective and reflected laser light was filtered by in-build edge filter. Wavelength 325 nm (= 

3.8 eV) enables excitation over GaN bandgap and the characteristic penetration depth is about 100 nm 

[125]. The maximal achievable resolution of the system is < 1 cm-1 at wavelength 837 nm. 

Time resolved spectra were collected with 339 nm pulse laser diode excitation, single-grating 

monochromator and GaAs photomultiplier. Time resolution is dependent on time range used, the best 

obtainable resolution is around 300 ps. For the decay time of interest, time resolution was around 9 

ns. Time resolved emission spectra were obtained by measuring time decays at a given wavelength 

range with 5 nm step. Next, integration of intensity was performed in given time windows and the 

average time value was selected as a representation of the time window.  
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2.3 Cathodoluminescence measurements 
Sample characterization by means of electron microscopy were performed in Philips XL30 ESEM with 

home-build cathodoluminescence setup including Avaspec ULS-TEC spectrometer with resolution 

about 10 nm. Spectrometer was cooled down to 5°C to increase signal/noise ratio. Monochromatic 

images were obtained with usage of one-grating monochromator and photomultiplier Hamamtsu 

H7711-13. Spatial resolution of CL images was limited by spot size necessary to obtain sufficient 

luminescence signal. Monochromator slits were set on maximum values giving resolution around 10 

nm. The electron current in SEM is tuneable in range 1 pA – 1 µA and acceleration voltages in range 

0.2 – 30 keV. 

2.4 Positron annihilation spectroscopy (PAS) 
Positron annihilation lifetime spectroscopy is based on the measurement of temporal difference 

between the creation of positron and its annihilation in the material with (valence) electrons. The 

annihilation is detected through the 511 keV photon which is created during the annihilation event 

[126]. The lifetime of the positron is increased in the case that positron is trapped in open volume in 

the material. These include surface, dislocations or vacancies. 

Metal Organic Vapour Phase Epitaxy (MOVPE) grown samples are only few µm thick which means that 

conventional 22Na source cannot be used due to the high penetration depth of the positrons with 

maximum in order of hundreds on µm. The penetration depth can be approximated by [127] 

 

𝑧 =  
𝐴

𝜌
𝐸௕ 

(11) 

 
where A = 4 μg/cm2, 𝜌 = 6.15 g/cm3, and b = 1.6 for GaN. 

 To overcome this problem, different source of positrons is needed. The synchrotron or linear 

accelerator with pulsed beam can be used. The generated positrons can be moderated and accelerated 

to the required energy (and therefore, penetration depth) = variable energy positron annihilation 

spectroscopy (VEPAS).  

Positron source for the presented measurements was linear accelerator in ELBE facility [128] at 

Helmholtz-Zentrum Dresden-Rossendor. To moderate the positrons, tungsten plate was used. The 

FWHM of the resolution function was 230 ps and the energy was varied between 0.5 and 12 keV. 
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3 Results and Discussion 
3.1 Motivation 
Purpose of the research presented in this thesis is to understand the role of various defects affecting 

the performance of the scintillator. The most important effect of point defects from the scintillator 

perspective is the introduction of luminescence centres with long decay time and/or non-radiative 

centres which decrease the efficiency of the scintillator.  

First of all, the GaN buffer layer beneath the active InGaN/GaN region must be optimized since highly 

energetic radiation penetrates through the whole structure. For example, according to paper [129], 

the deposited energy of 40 keV X-ray radiation in InGaN/GaN active region 1.8 µm thick (a thickness 

limit achieved by our group) was only about 3.6 % of the incoming beam (paper gives value 2.3 % but 

it does not account for different light yield of InGaN/GaN scintillator and LYSO etalon). Therefore, most 

of the incoming energy of such radiation is deposited in the GaN buffer layer and substrate. Any 

luminescence channels with slow components presented there would therefore deteriorate the 

scintillation response of the whole structure. The main “slow” luminescence channel in this case is YB 

originating from CN defect, as described in the section 1.5.1. Paper 1 deals with this topic.  

Next, optimization of InGaN/GaN active region is needed. We found out that the most abundant 

impurity in our InGaN layers is Zn (described in section 1.3.2) which produces broad luminescence band 

with slow decay time. The most important characteristics of this band can be found in paper 2 and 

paper 3.  

Beside the impurities present in the scintillator structures, Ga vacancies and their complexes with 

hydrogen were studied. Paper 4 describes role of vacancies in GaN grown at different growth 

conditions and provides unique insight to physical processes affecting the vacancy formation and 

behaviour. Paper 5 presents a search for a dominant non-radiative centrum in InGaN layers which is 

known to be captured in the first few InGaN monolayers grown atop GaN buffer layer.  

Lastly, the paper 6 describes a problem of growing thick InGaN/GaN active region. The main topic is 

effect of surface defects (V-pits) and their influence on In incorporation in their vicinity. Understanding 

the V pit behaviour is a fundamental necessity for spatial homogeneity on both nano- and micro-scale 

as well as the scintillation response in the sense of spectral peak positions and luminescence decays. 
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3.2 Introduction to models used in paper 1 and paper 3 
Recombination mechanism involving deep acceptors like CN or ZnGa in GaN can be either donor-

acceptor pair (DAP) or electron-acceptor (e-A) recombination. Since we have used both types of 

recombination to model measured dependencies obtained in papers 1 and 3, a short introduction is 

provided here. Please note that in papers 1 and 3 there was not enough space to describe the model 

in detail. Moreover, a plotting error has occurred in paper 1 giving a wrong form of rate equation. The 

correct form is present at the end of this section.  

Theoretical model for time dependence of DAP recombination was introduced in 1965 [130]. Assuming 

that hole function localized at acceptor site has spatial variation (𝑟 being the distance from an 

acceptor):  

𝜓௛(𝑟)~𝑟௠exp (−
௥

௔
), (12) 

the probability of recombination 𝑊(𝑟) is in the form  

𝑊(𝑟) = 𝑊௠௔௫ exp ( −
2𝑟

𝑅ௗ
), 

(13) 

where 𝑊௠௔௫ is the maximal probability of recombination of infinitesimally close DAP, 𝑎 is a constant 

describing hole wave function exponential decrease and 𝑅ௗ is the Bohr radius of a donor [130]. 

We can assume that probability of recombination is inversely proportional to recombination time 𝜏஽஺௉ 

𝑊(𝑟) =
ଵ

ఛವಲು
. (14) 

To obtain mean value for a large distribution of DAPs, DAP distribution 𝐺(𝑟) is needed. In paper 1, 

distribution of donors and acceptors in relatively thick 1 µm layer is studied. Moreover, the growth 

was performed at high temperature. Therefore, it was assumed, that DAP distribution is the uniform 

one 𝐺(𝑟) =  
ଵ

௖ିௗ
, where 𝑐 and 𝑑 are the boundaries of the interval from which the R values can be 

taken. We choose the interval as 𝑟 ∈ ൥0, 2 ∙
ଵ

రഏಿವ
బ

య

൩, 𝑁஽
଴ being the concentration of neutral donors. 

Under this assumption, the average distance between donor and acceptor is 〈𝑟〉 = ∫ 𝐺(𝑟)𝑟 ∙ 𝑑𝑟
௕

௔
=

 (
ଷ

ସగேವ
బ)

భ

య , which gives us   

1

〈𝜏஽஺௉〉
= 〈𝑊(𝑅)〉 = 𝑊௠௔௫ · 𝑒

ି
ଶ

௔ವ
(

ଷ

ସగேವ
బ )

భ
య

 
(15) 
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Paper 1 shows the dependence of the mean decay time on doping concentration. However, decay 

curves can be also analysed. Instead of complicated calculations in [130] which are valid only at 

certain experimental conditions, more simplistic approach is advised here. Intensity dependence of 

isolated DAP can be described as: 

𝐼௥(𝑡) = 𝐴 · exp ൬
−𝑡

𝜏஽஺௉(𝑟)
൰ =  𝑊(𝑟) exp ൬

−𝑡

𝜏஽஺௉(𝑟)
൰ (16) 

However, we have to deal with distribution of acceptors and donors situated in InGaN quantum wells  

(in paper 3). In this case, the depth distribution of donors and acceptors was obtained by secondary 

ion mass spectroscopy (SIMS). Next, to obtain lateral distribution, simulation was performed in which 

acceptors were placed into the InGaN layers and with a given probability distribution, donors were 

situated. Subsequently, shortest distances of DAPs were calculated and these were used in the 

recombination probability calculation.  

Unfortunately, SIMS measurements are not available for all studied samples. Therefore, comparison 

of DAP distribution obtained by different methods was performed. Theoretical distribution of DAPs 

was calculated in [131] for the limiting cases when concentration of donors and acceptors are almost 

equal or the concentration of the impurities is high that their distribution is considered completely 

chaotic or the case when one of the species is greatly abundant. The expression obtained for the first 

case is [131,132] 

𝐺(𝑟) = 𝐶ଵ4𝜋𝑟ଶ𝑁஺exp (−
ସ

ଷ
𝜋𝑟ଷ𝑁஺), (17) 

𝑁஺ being the concentration of acceptors and 𝐶ଵ a normalization constant. The expression can be 

easily modified to the 2D case when the dopants are inside of QW whose lateral dimensions are 

much larger than the perpendicular one. The distribution than looks like 

𝐺(𝑟) = 𝐶ଶ2𝜋𝑟𝑁஺exp (−𝜋𝑟ଶ𝑁஺

మ

య), 
(18) 

𝐶ଶbeing again a normalization constant. In the second case, the distribution depends on growth 

temperate 𝑇  and permittivity 𝜀 of the material which limits the interaction of ionized atoms during 

the growth through Coulomb interaction [131,132] 

𝐺(𝑟) = 𝐶ଷ𝑟ଶexp (
௘మ

௞்ಸఌ௥
)exp (−

ସ

ଷ
𝜋𝑟ଷ𝑁஺), (19) 

where 𝐶ଷ is a normalization constant. Please be advised that paper [131] provides equations 17)-19) 

without normalization constants, leaving the 𝐺(𝑟) non-dimensionless. Comparison of these four 
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distributions are shown in Fig. 8 with parameters used for sample P3 in paper 3. Concentration 𝑁஺ 

was used as an average of SIMS-measured concentration Zn for the 5 bottom QWs. It shows that 3D 

uncorrelated distribution approximates the SIMS-based distribution very well. 

With a DAP distance distribution, time dependent energy shift of DAP recombination can be derived. 

The shift happens because the closer the pair are, the higher probability of recombination they have 

(and therefore, a shorter lifetime) and at the same time, their recombination energy is higher 

because of the Coulombic term depending on their distance. Intensity measured from the whole 

ensemble of DAPs can be described as  

𝐼(𝑡) = ෍ 𝐼௥(𝑡)

௥

· 𝐺(𝑟) (20) 

 

Figure 8 : Distribution of DAP distances for sample P3 from paper 3. Uncorrelated 3D distribution mimics the SIMS 
distribution very well. 

The Coulombic term is approximated as  

𝐸ோ = 𝑘௘
௘మ

ఌ௥
, (21) 

where e is the elementary charge and ε is the static permittivity of the material (εr = 10 was assumed 

for GaN [133]) and ke is the Coulomb constant. To obtain the mean energy shift of the whole DAP 

system at given time t, one has to sum the energies weighted by the respective intensities Ir(t) 
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𝐸(𝑡) =
∑ 𝐸௥௥ · 𝐼௥(𝑡) · 𝐺(𝑟)

∑ 𝐼௥(𝑡)௥ · 𝐺(𝑟)
 

 (22) 

This approach was used in paper 3 to analyse the shifts and the decay curves (eq. 22 and 20, 

respectively).  

Paper 1 uses relation from for e-A recombination model which is based on rate equations describing 

the recombination process. Please note that due to the plotting error of the journal, the rate equations 

(3) in paper 1 are not easily understandable. The correct form should be  

ௗ௡

ௗ௧
= −𝐵 · 𝑛 · 𝑝 − 𝐶௡஽𝑛 · (𝑁஽ − 𝑁஽

଴) −  𝐶௡஺𝑛 · 𝑁஺
଴ − 𝐶௡ௌ𝑛 · ൫𝑁ௌ − 𝑁ௌ

଴൯  

𝑑𝑁஽
଴

𝑑𝑡
= 𝐶௡஽𝑛 · (𝑁஽ − 𝑁஽

଴) −  𝐶஽஺ · ൫𝑁஽
଴ · 𝑁஺

଴൯  

𝑑𝑁஺
଴

𝑑𝑡
= 𝐶௣஺𝑝 · ൫𝑁஺ − 𝑁஺

଴൯ −  𝐶஽஺ · ൫𝑁஽
଴ · 𝑁஺

଴൯ − 𝐶௡஺𝑛 · 𝑁஺
଴ 

ௗேೄ
బ

ௗ௧
= 𝐶௡ௌ𝑛 · ൫𝑁௦ − 𝑁ௌ

଴൯ −  𝐶௣ௌ𝑝 · 𝑁ௌ
଴, 

 (23) 

where 𝑛 = 𝑛଴ + 𝛥𝑛 is the electron concentration consisting of the equilibrium concentration 𝑛଴ and 

concentration of excited electrons 𝛥𝑛. 𝑝 = 𝛥𝑝 is the hole concentration which is equal to the 

nonequilibrium one in the n-type widegap semiconductor at room temperature. 𝑁஽, 𝑁஺, and 𝑁௦ are 

concentrations of donors, acceptors, and non-radiative traps, respectively, and superscript 0 indicate 

their charge-neutral state. Coefficients 𝐶௡஽, 𝐶௡ௌ describe a process when the electron is captured by 

donor and non-radiative center, respectively. Similarly, 𝐶௣஺ and 𝐶௣ௌ are coefficients of hole capture by 

acceptor and non-radiative center. Finally, 𝐶஽஺ is the coefficient of radiative donor-acceptor pair 

recombination and 𝐶௡஺ describes radiative recombination by e-A transition. 
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3.3 Paper 1 Summary 
Paper 1 focuses on the acceleration of YB luminescence decay using a doping of GaN layers by the n-

type dopants, Si and Ge. SIMS analysis is used to precisely determine the dopant concentration and 

Hall alongside with C-V measurements are performed to obtain the free-electron concentrations and 

mobilities in the GaN layers. Paper 1 shows, that YB can be caused either by DAP or e-A  recombination 

mechanisms, both of them are influenced by Si and Ge doping. A suitable model is suggested for both 

types of recombination mechanism and tested against experimental data. An excellent agreement 

between our results and previously determined coefficients of maximum DAP recombination rate 

𝑊௠௔௫ and electron capture coefficient 𝐶௡஺, respectively, are obtained. The mean decay time is 

shortened from the ms range in the case of undoped sample to hundred-of-ns range in the case of 

dopant concentration is in 1019 cm−3 order.  

The most important result is that although we can hardly eliminate YB from the spectra because of 

omnipresent carbon impurity during MOVPE growth, we can accelerate its decay time to the range 

where it is not harmful for most of the intended application.  

However, several issues remain unresolved. First of all, high doping concentration leads to surface 

morphology deterioration which prohibits subsequent high-quality InGaN/GaN active region growth. 

Next, the paper 1 presents thermally stimulated luminescence (TSL) measurements which reveal 

several traps (of unknown origin). However, their signal is too weak to perform any deeper analysis. 

Nevertheless, these traps must be eliminated in the future since they can provide carriers for a 

luminescence centrum with expected time delay in a range of milliseconds. Unfortunately, TSL signal 

increases with doping concentration.  

In addition, the surface roughness was investigated by electron microscopy and white light 

interferometry techniques. These revealed increasing roughness with higher dopant concentration, 

more pronounced in the case of Si doping. Since the GaN buffer layer will be overgrown in the intended 

application by InGaN/GaN active region, the surface should be kept as smooth as possible. This makes 

Ge doping more favourable than Si one.  

It should be noted that paper 1 describes behaviour of GaN grown at high-temperature (1052°C). In 

this high-temperature regime, it is easy to achieve high electron densities by Si doping but practically 

impossible to achieve it by Ge doping. Only recently [134], we found out that Ge incorporation is highly 

temperature dependent and growth at lower temperature (< 900°C) might enhance Ge incorporation 

by orders of magnitude. This might pave a way for future studies of highly conductive GaN buffer layers 
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used beneath the scintillator active region. Since Ge atom incorporated on Ga site should produce 

much smaller stress than Si on the same site because of similarity of Ga and Ge atomic radii, Ge doping 

in high concentration should not deteriorate the surface morphology as Si doping does.   

  



 

41 
 

3.4 Paper 2 Summary 
Paper 2 studies the Zn depth distribution in the InGaN/GaN QWs structure which is grown as two 

stacks, each containing 5 QWs. Zinc is unintentionally present impurity and it was never introduced 

into the growth apparatus on purpose. The depth profiles obtained by SIMS show that Zn is 

preferentially incorporated into InGaN layers. The reason for this is discussed in paper 5. Moreover, 

the highest concentration of Zn is always found in the bottom QW of the particular stack and 

decreasing in the next 4 QWs. Paper 2 suggests that the trend can be explained by difference of Zn 

formation energies among the QWs which are caused by band structure modification by Si doping 

alongside with the internal polarization fields.  

The paper was published in 2021 when the source of Zn was unknown. The model for Zn incorporation 

proposed in paper 2 suggested that Zn comes from a precursor used for GaN barrier layer growth (or 

from carrier gas) and TEGa precursor was tentatively nominated as the most probable Zn contaminated 

source. However, future investigations revealed that the main Zn contaminant has probably different 

origin: neoprene gloves used for sample manipulation in glovebox. Inspection of the gloves in SEM 

revealed that their surface is porous (Fig. 9 left) and that particles with typical diameter 20 – 50 µm 

and characteristic composition (Fig. 9 right) are released from the gloves. Therefore, before the whole 

growth process starts, Zn-containing particles are most probably present on the susceptor surface. 

 

Figure 9: left - surface morphology of the gloves, right - characteristic EDX spectrum of the glove particle. 

The change of the gloves for zinc-free (hypalone) ones decreased the Zn-related band in the PL spectra 

drastically, suggesting lowering the Zn concentration in the samples.  

The model for Zn incorporation from paper 2 suggested that the Zn containing precursor must be 

present also during the separation layer between the two stacks of 5 QWs. This result is consistent 

with the new finding concerning the Zn origin: the Zn-containing particles on susceptor will decompose 
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during the pre-growth high-temperature annealing (1060°C) and given the low value of Zn boiling 

temperature (907°C at atmospheric pressure), zinc will evaporate and subsequently condensate on 

showerhead, which is water-cooled. During the growth, precursors flowing through the showerhead 

can probably react with Zn and deliver it to the GaN surface, where it serves as surfactant and only 

when the InGaN growth is launched, Zn will incorporate to the structure. The incorporation is not 

mediated by the low growth temperature of InGaN only, as was confirmed also in paper 4.  

Unfortunately, soon after the Zn source was found and gloves changed, the growth apparatus was put 

out of operation due to a building reconstruction so several questions remain unanswered. For 

example, it is possible that the gloves are significant Zn contaminators, but maybe, these are not the 

only ones. This would be supported by the fact that while samples doped with Si grown after the gloves 

change still show small Zn-related PL band, similar sample doped with Ge did not (black line Fig. 10).  

 

Figure 10: Comparison of PL spectra of samples grown before and after the gloves change. All samples are doped by Si 
except the 74th growth after the change (black line) which is doped by Ge. 
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3.5 Paper 3 Summary 
In paper 3, large spectral shifts of Zn-related luminescence band (ZnB), which are observed in time-

resolved and excitation intensity-dependent spectra, are investigated and modelled. It is suggested 

that the recombination mechanism can be viewed as DAP mechanism between Si donors and Zn 

acceptors in InGaN QWs. The explanation is provided using model introduced in the beginning of the 

section 3.2. The reason for the shift is stronger Coulombic interaction between DAPs when more DAPs 

are excited – situation oncoming either at the higher excitation intensity or shorter time after the 

pulse. 

It is also suggested that the binding energy for electrons at donors sites increases dramatically due to 

the quantum confinement in InGaN QWs. This enables observation of DAP recombination even at 

room temperature.  

The spectral shift of ZnB is important from the scintillator perspective: at low excitation intensity, the 

energy separation between QW recombination peak and ZnB is around 400 meV (sample dependent). 

Therefore, one can suggest that in the scintillator design, a suitable choice of PMT spectrally sensitive 

only in spectral region of QW recombination peak can be used to eliminate the slow luminescence of 

ZnB from the time characteristics of the scintillator. However, as described in paper 3, shortly after the 

excitation pulse the ZnB is shifted towards higher energies by magnitude sufficient to efficiently 

overlap ZnB with QW emission, making the suggested solution unfeasible. Please note that the 

suggested solution can be hardly used also in the case of elimination of YB – in the sandwiched 

scintillators (mentioned in section 1.4), the PMT must be sensitive for both scintillators used. 

Unfortunately, the YB emission overlaps with emission of many scintillators like YAG:Ce or GaGG:Ce. 

The spectral sensitivity limitation would eliminate these scintillators as potential candidates for 

energy-resolution-ensuring scintillator.  

Similarly to the discussion in the case of paper 2, the putting growth apparatus out of operation 

prevented us from further experiments involving the ZnB shift. One of them would be doping InGaN 

QWs by Ge which should lead to more pronounced shifting of ZnB. However, there is a question 

whether Ge doping would not deteriorate the decay characteristics of the QW emission since 

introduction of a new energy level might lead to releasing and re-trapping carriers which would 

elongate the decay times.  
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3.6 Paper 4 Summary 
In paper 4, the GaN layers grown at different growth conditions are studied by SIMS, VEPAS, PL and 

other techniques. The research is unique due to the VEPAS measurements performed on MOVPE 

grown samples which were not studied before due to the thickness limitation of the GaN layers and 

high penetration of conventionally generated positrons, as mentioned in section 2.4. Ga vacancy 

concentration in 1016 cm-3 range was found in all samples except those prepared at highest 

temperature of 1100°C. In these samples, the dominant open-volume defects were established to be 

complexes 2VGa-2VN.  

An unexpected anticorrelation between VGa concentration an PL intensity of GaN near-band-edge 

luminescence was found. It was explained as a competition of VGa defects and an unknown defect, 

which acts as more efficient non-radiative centrum than bare VGa. No correlation between VGa 

concentration and defect luminescence was found (for as-grown samples).  

Trends of Ga vacancy concentration on growth conditions are rather complicated. One of the messages 

of the paper 4 is that first-principle calculation used to predict vacancy formation in GaN provide 

results which are far from experimental findings. In theory, the VGa concentration should be increasing 

exponentially with temperature. Our findings show that the VGa concentration increase only for 

samples prepared from TMGa precursor, while for TEGa precursor the concentration is decreasing (in 

N2 atmosphere) or is constant (H2 atmosphere). There are also great differences in the VGa 

concentrations between the samples grown from TEGa and TMGa precursor at otherwise identical 

growth conditions. Therefore, VGa creation cannot be viewed as a thermodynamically driven process, 

but reaction kinetics should be considered in future theoretical investigations. For samples grown from 

TMGa, an anticorrelation between Ga vacancy and carbon concentration is observed.  

The limitation of the research provided in paper 4 is that VGa concentration from VEPAS data was 

calculated for bare Ga monovacancies in 2- charge state. Future work should be focused on 

temperature dependent PAS measurements to reveal the true charge state of vacancies. Moreover, 

one of the drawbacks of VEPAS technique is inability to detect vacancies which are complexed with 

hydrogen atoms. Samples annealed in different atmospheres should be therefore studied to prove or 

disprove existence of such complexes. Preliminary results of electron beam annealing suggest that the 

hydrogen-related complexes play a major role in luminescence properties of the samples (not 

published yet). Please note that the observed anticorrelation between GaN near-band-edge 

luminescence intensity and the Ga vacancy concentration can be (at least partly) caused by presence 

of hydrogen which decorates the vacancies forming this way a very efficient non-radiative centrum 
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and that actual Ga vacancy concentration as well as luminescence intensity will be affected by 

hydrogen removal through annealing.  

From the scintillator perspective, the important result is that YB intensity is not correlated with the Ga 

vacancy concentration. Therefore, in the scintillator design, more attention must be paid to suppress 

the carbon concentration. SIMS measurements on the studied samples suggest that lowest carbon 

concentration can be achieved by growth from TEGa precursor at moderately high temperature 

(~900°C) or by growth from TMGa precursor at very high temperature (~1100°C). However, for 

practical purposes the latter case can be performed in H2 atmosphere only because of the surface 

deterioration in N2 atmosphere. Moreover, the very high temperature cannot be applied for GaN 

barrier layer growth due to the InGaN QW layer decomposition [135]. Therefore, the GaN layers grown 

from TEGa at ~900°C seems promising as GaN buffer and barrier layers for scintillators. Temperature 

around ~900°C should be also suitable for Ge incorporation [134] if we want to apply doping advantage 

studied in paper 1. 
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3.7 Paper 5 Summary 
As mentioned in paper 4, Ga vacancy complexes with hydrogen cannot be detected by VEPAS due to 

the small open volume of such complexes. In paper 5, we suggest that SIMS analysis of hydrogen can 

provide a way to overcome this problem.  

The motivation for paper 5 was an observation of macroscopic luminescence intensity inhomogeneity 

of samples prepared by Aixtron 3 × 2 CCS MOVPE reactor. The second motivation was to explain a 

function of so-called InGaN underlayer (UL), a technique commonly adopted in InGaN/GaN LED 

growth. The InGaN UL is used because of the well-known problem of high non-radiative recombination 

rate in the bottom InGaN quantum wells (which are of course very similar to those present in our 

scintillator structures) [136]. However, there are still controversies about the exact mechanism which 

enhances the luminescence efficiency when the UL is used. 

SIMS analysis revealed that places with lower luminescence intensity contain higher concentration of 

hydrogen and that depth profile of Zn and hydrogen impurities are anticorrelated. Zn was incorporated 

in the bottom QWs and hydrogen was found in QWs atop of them. Based on large palette of results 

presented in paper 5, it was suggested that the problem of high non-radiative recombination is as 

follows: Ga (and/or In) vacancies are formed or captured in InGaN layers to relieve high tensile strain. 

Zn will occupy the empty Ga (or In) sites – although Zn has similar atomic radius as Ga in metallic form 

(134 and 135 pm, respectively [137]), the acceptor nature of ZnGa in GaN results in shrinkage of its 

effective atomic radius as one electron is missing, similar to other doped semiconductors [138], leading 

to strain reduction in the InGaN layer. When the Zn concentration on the growing surface is in not high 

enough to fill the empty Ga sites, complexes of Ga vacancies and hydrogen are formed (VGa-3H has 

much smaller formation energy than the Ga monovacancy as mentioned in the section 1.5.3). These 

complexes are responsible for non-radiative recombination in the QWs. Since Zn is impurity which is 

not common to all nitride growth apparatuses across the world, in its absence the VGa-3H complexes 

will be formed in the bottom QWs eventually, causing the above mentioned high non-radiative 

recombination rate. 

The fundamental reason for spatial macroscopic inhomogeneity of hydrogen (and therefore vacancy) 

distribution is not clear yet but is connected to construction of showerhead reactor and the gas flow 

during the growth.  

For scintillators, the paper 5 brings rather unfortunate information: bottom QWs will contain either 

VGa-3H acting as non-radiative centres or ZnGa acting like radiative centres with long decay times unless 

the vacancy formation in these InGaN layers is suppressed.   



 

47 
 

3.8 Paper 6 Summary 
V-pits greatly affect the scintillator performance. Paper 6 explores the influence of V-pits on 

subsequent InGaN QWs growth by means of TEM, SEM, SIMS and PL measurements. It is found that In 

and Ga atoms adsorbed on V-pit sidewalls are not fully incorporated on these (semi-polar) walls but 

migrate towards nearest c-oriented plane where they form region with higher thickness. This results 

in large redshift of the QW luminescence due less pronounced quantum confined effect. Quite 

surprisingly, In atom concentration in top QWs is decreasing with increasing the number of QWs, as 

observed by SIMS. This behavior is common for samples grown on both sapphire and GaN substrates 

used in this work. Since the dislocation density (and therefore, V-pit density) for sample grown on GaN 

substrate is at least two orders of magnitude lower than in the sapphire substrate case, the lower In 

concentration cannot be directly connected to V-pits.  

For a scintillator, V-pits have multiple roles. First of all, they lower the volume of scintillator and 

therefore, its stopping power. On the other hand, V-pits effectively shield carriers from dislocations. 

As mentioned in our previous research, an optimum size of V-pit was found to be around 200 nm [49].  

Moreover, in application which require light extraction in the c direction, V-pits might be beneficial 

because they disturb the wave-guide effect, otherwise present because of the high refractive index 

difference between GaN and air. It should be emphasized that the waveguide effect is actually 

disturbed also by the GaN-sapphire interface where the nucleation layer with low quality is grown.  

Paper 6 together with paper [49] presents the importance of V-pit size control by growth parameters. 

As mentioned in discussion of paper 4, optimal conditions from perspective of point defects can be 

found. However, to control the V-size, growth at different parameters like higher temperature will be 

probably required. Therefore, the compromise between crystal and surface quality must be sought. 

One of the solution for the future will be probably growth of quantum wells and barriers at optimal 

conditions from point-defect perspective while the growth of thicker separation layers between the 

quintet of QWs and barriers will be grown at conditions used to control V-pit size. 
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4 Conclusion and outlook 
In order to develop a new, fast scintillator based on InGaN/GaN quantum heterostructure, point- and 

extended defects and their influence on luminescence properties were studied and optimization of the 

particular layers in the structure was suggested.  

Beneath the InGaN/GaN active region, a GaN buffer layer is always present when a growth on foreign 

substrate like sapphire takes place. In the intended application, the buffer layer is excited by the highly 

energetic radiation, thus affecting the overall scintillator performance. Therefore, in the first step, the 

defect (carbon related) yellow luminescence band coming from the buffer layer was investigated. It 

was shown in paper 1, that the time decay of yellow band can be accelerated from the order of 

milliseconds up to order of hundreds of nanoseconds with increasing the Si or Ge dopants 

concentration. A model for both DAP and e-A recombination was applied to fit the experimental 

results. It was shown that above Mott transition, e-A recombination mechanism dominates but DAP 

recombination mechanism takes place below this transition. Moreover, the value of electron capture 

coefficient 1.8 × 10ିଵଷ cm3s-1 and 𝑊௠௔௫ = 3 × 10଺ s-1 coefficient (determining the maximal 

recombination rate of a given luminescence centrum) obtained from the models are in perfect 

agreement with previously reported values. Thermally stimulated luminescence measurements 

revealed presence of several charge carrier traps. Unfortunately, the signal was too low to determine 

the physical properties of the particular traps. In addition, surface roughness increase was observed 

by SEM images and white light interferometry techniques affecting the light extraction efficiency.  

However, the Ge doping leads to smoother morphology which predetermines Ge doping as a more 

suitable dopant for intended the application.  

In the active region, the important recombination channel at low excitation intensities is represented 

by Zn impurity giving rise to highly efficient luminescence band. Paper 2 describes a model which is 

suggested to reveal the main source of the Zn contamination in the InGaN layers. Model based on 

different formation energies caused by intentional Si doping and polarization field points to a precursor 

which is present in the reactor chamber during the GaN barrier growth as the most probable source of 

Zn impurity (TEGa is tentatively proposed to be contaminated by Zn). However, later analysis reveals 

that the primary source of Zn are probably glovebox gloves. After the gloves change, the Zn 

contamination is greatly reduced. However, the model proposed in paper 2 is not in contradiction with 

this explanation of Zn origin. 

Paper 3 is dedicated to large spectral shifts of Zn luminescence band with excitation intensity. Time 

resolved spectra show different time evolution of spectral shift after the excitation pulse for three 

samples. Red shifts up to almost 200 meV are observed in time resolved spectra with increasing delay 
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time after the excitation pulse. Model based on DAP recombination is introduced and experimental 

data of the decay times and spectral shifts are fitted with the model providing information about donor 

binding energy, maximal recombination rate coefficient and limit peak position after infinite time 

decay after the pulse. Donor binding energy is found to increase in InGaN QWs compared to bulk GaN 

which explains the high efficiency of the DAP recombination at room temperature. The results 

provided in the paper can be also used to explain the historical failure of InGaN:(Zn, Si) based structures 

in white light LED application. There, the large spectral shifts of the low-energy component of the 

spectra with increasing power resulted in colour change of the LED from white to blue.   

Native defects in GaN layers are studied in paper 4. Twelve GaN layers grown on sapphire substrate at 

different growth conditions (different temperature, carrier gas and Ga precursor gas combinations) 

are examined by VEPAS, SIMS, PL and other techniques. Ga vacancy are found in concentration in order 

of 1016 cm-3 in all studied samples except the two grown at the highest temperature. These two 

samples contain complexes 2VGa-2VN. Quite surprisingly, the luminescence intensity of GaN near-band-

edge emission is increased with higher Ga vacancy concentration. No correlation between yellow 

luminescence and vacancy concentration is found. From the VEPAS and luminescence results, GaN 

layer grown from TEGa precursor at temperature around 900°C can be suggested as the most 

promising candidate for GaN buffer growth. The experimental results are also important for the future 

theoretical calculations: the basic thermodynamical calculations are not sufficient to predict vacancy 

concentration in MOVPE-grown GaN and the kinetics of the growth must be taken into account. 

Non-radiative recombination is inspected also in paper 5. Based on the SIMS and luminescence 

measurements, complexes of Ga (or In) vacancy with hydrogen interstitials are nominated as the most 

abundant non-radiative centres in the bottom InGaN QWs. These complexes cannot be revealed by 

VEPAS measurements since presence of hydrogen near the vacancy reduces the open volume of the 

defect, thus leading to decrease of the lifetime of trapped positron at such site to a value comparable 

with the lifetime of positron in ideal crystal. From the SIMS analysis it seems probable that 

incorporation of Zn fills the Ga vacancy, thus the competition between non-radiative VGa-3Hi complex 

and ZnGa radiative defect takes place. The lateral distribution of the hydrogen concentration in the 

samples grown prepared by the Aixtron 3 × 2 CCS MOVPE reactor is also found to be strongly 

inhomogeneous. However, the source of the inhomogeneity was not found yet. Moreover, the 

formation of VGa-3Hi complexes is also a new mechanism explaining the low efficiency of the bottom 

InGaN QWs in LED structures and the LED efficiency improvement when the InGaN underlayer in the 

structure is used.  
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Paper 6 provides insight into complexity of scintillator development. Based on the papers 1-5, 

optimized structure can be suggested. However, the optimized growth conditions from point defect 

perspective lead to deteriorated morphology of samples with high number of InGaN QWs. Paper 6 

studies influence of 3D defects called V-pits on In incorporation (and therefore, the luminescence 

wavelength, time decay etc.). It shows that In adsorbed on V-pit semi-polar planes is not incorporated 

there to the structure but diffuses to the polar c-plane surrounding the V-pits. This causes redshift of 

the luminescence wavelength from regions in the vicinity of V-pits and larger full width at half 

maximum of the luminescence peak integrated from a macroscopic area. Comparison of the samples 

grown on sapphire substrate (high density of V-pits ~10଼ cm-2) and GaN substrate (2 orders of 

magnitude lower V pit density) shows also a redshift of the luminescence in the case of samples grown 

on sapphire which is more pronounced with increasing number of quantum wells. This shift is caused 

by incorporation of the comparable In amount on a smaller surface area which is reduced by V-pits.  

From the presented results, the following outlook can be made: the growth conditions must be chosen 

as a compromise between the luminescence efficiency perspective and the morphology perspective. 

The region of InGaN QWs and GaN barriers should be grown under the optimal growth conditions from 

the luminescence efficiency perspective but the separation layer between certain number of the 

QW/barrier pairs should be incorporated to control the morphology. Since the growth apparatus has 

been out of order since February 2021, the optimal growth conditions have not been implemented in 

one structure, yet. The suggested optimized growth conditions might have the form as in Fig 11. In our 

long-term experience, the stacks of 5 QW/barrier pairs are beneficial for luminescence intensity.  

The GaN buffer layer should be grown from TEGa at relatively high temperature (900°C) in N2 

atmosphere to minimize the carbon contamination (results from paper 4). Moreover, Ge doping can 

be used to accelerate yellow luminescence from residual carbon defects (results from paper 1). Since 

the main source of Zn contamination was found and removed, the bottom QWs should not contain 

ZnGa defects (results of paper 2 and 3). Hopefully, Ga vacancies are not generated in large amount in 

GaN buffer layer (results from paper 4 and 5) resulting in lower concentration of VGa-mHi complexes in 

the bottom QWs grown on the top of GaN buffer layer. The GaN barriers should be grown also from 

TEGa in N2 atmosphere and optionally doped with Ge which might accelerate the luminescence of 

(defect) bands if still presented in the luminescence spectra (results from paper 1). GaN separation 

layer should be designed to control V-pit size. It means the high temperature growth is needed and H2 

atmosphere also reduces the surface roughness (combined results of paper 1 and 6). 
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Figure 11: Proposal of the optimized structure growth conditions. n should be at least 10 to achieve sufficiently thick active 
region. 
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