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Abstrakt 

Utvecklingen av InGaN-tekniken har lett till omfattande kommersialisering av 
ljusstarka lysdioder (LED). Dock uppnås hög effektivitet endast vid låga strömmar 
och endast inom det blå våglängdsområdet. Begränsningen i effektivitet beror till stor 
del på de piezoelektriska egenskaper hos (In,Ga)N-materialsystemet. Därför är InGaN 
kvantbrunnar (QW) odlade på icke-basala kristallplan (NBP) identifierade som en 
lovande lösning för att utveckla blå och gröna högeffektiva lysdioder och lasrar. De 
optiska egenskaperna för dessa kvantbrunnar bestäms till stor del av lokaliseringen av 
laddningsbärarna till energiminima i den spatialt inhomogena bandpotentialen. Denna 
lokalisering påverkar rekombinationsdynamiken, den spektrala emissionen, den 
optiska polariseringen samt laddningsbärartransporten. Därför är en god förståelse av 
denna lokalisering avgörande för fortsatt optimering av NBP-strukturer mot den 
teoretiskt maximala verkningsgraden. 

I denna avhandling har inverkan från laddningsbärarlokalisering på fundamentala 
emissionsegenskaper undersökts med hjälp av spatialt upplöst optisk spektroskopi, 
såväl på semipolära (202�1) som ickepolära (101�0) InGaN kvantbrunnar. För detta 
ändamål har ett originellt multimod närfälts scannande optiskt mikroskop (SNOM) 
utvecklats som tillåter samtidig spektral-, tids- och polarisations-upplöst mappning av 
luminiscensen. Detta har också kompletterats med konventionell ultrasnabb 
spektroskopi av fjärrfältet. 

För de icke-polära kvantbrunstrukturerna med signifikant ytmorfologi var 
bandgapsfluktuationer på mikrometerskala som mest uttalade, och kunde delvis 
tillskrivas selektiv indiuminkorporering beroende på den lokala morfologin. I de 
semipolära kvantbrunnarna var dessa ytfluktuationer mindre uttalade och tillskrivs 
primärt icke-uniformitet i kvantbrunarodlingen. Potentialvariationerna på 
nanometerskala och laddningsbärarlokaliseringen befanns öka med ökande mängd 
indium i InGaN legeringen. Trots dessa djupa potentialminima så befanns de 
lokaliserade valensbandstillstånden behålla karaktären från motsvarande band vilket 
kunde påvisas med polarisationsberoende SNOM. Dessa mätningar visade också stora 
skillnader i de effektiva massorna för de två översta valensbanden i de icke-polära 
kvantbrunnarna, vilket motsäger den konventionella uppfattningen. Den minskade 
laddningsbärartransporten mellan lokaliserade tillstånd har föreslagits som förklaring 
på den långa rekombinationstiden för semipolära kvantbrunnar med emission i det 
gröna området. En kraftig ökning av rekombinationstiden med ökat indiuminnehåll 
har tillskrivits elektriska fält-variationer på nanometerskala som härrör från 
icke-planara kvantbrunsinterface. Slutligen har möjligheten att samtidigt mäta 
fotoluminiscensspektra och dess dynamik med hög spatial upplösning gjort det 
möjligt att utvärdera den ambipolära laddningsbärardiffusionen vilken karakteriseras 
av en diffusions längd på ca 100 nm samt uttalad anisotropi.  
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Abstract 

The development of InGaN technology has led to a wide commercialization of 
bright light emitting diodes (LEDs). Nevertheless, high efficiency is achieved only in 
low current operation modes and only for the blue spectral region. The efficiency 
limitations of the conventional polar structures are closely related to the piezoelectric 
nature of (In,Ga)N material system. Thus, the growth of InGaN QWs on nonbasal 
crystallographic planes (NBP) is considered as a promising solution for delivering 
high-power blue and green LEDs and lasers. The emission properties of these QWs 
are largely determined by the localization of carriers in the minima of spatially 
inhomogeneous band potential. Such localization affects the recombination dynamics, 
spectral characteristics of the emission, its optical polarization and carrier transport; 
thus, understanding it is crucial for increasing the efficiency of NBP structures to their 
theoretical limit. 

In this thesis, the influence of carrier localization on the critical aspects of light 
emission has been investigated in semipolar (202�1) and nonpolar (101�0) InGaN 
QWs by means of spatially-resolved optical spectroscopy. For this purpose, novel 
multimode scanning near-field optical microscopy (SNOM) configurations have been 
developed, which allow the simultaneous mapping of the spectrally-, time-, and 
polarization-resolved photoluminescence. It has also been complemented with 
conventional far-field ultrafast spectroscopy.  

In the nonpolar QW structures with a pronounced surface morphology, the 
sub-micrometer band gap fluctuations were most prominent and could partially be 
assigned to the selective incorporation of indium on different slopes of the 
undulations. In the semipolar QWs, these large-scale features were less pronounced 
and assigned to the nonuniformity of QW growth. The nanoscale band potential 
fluctuations and the carrier localization were found to increase with increasing indium 
percentage in the InGaN alloy. However, in spite to the large depth of the potential 
minima, the localized valence band states were found to retain properties of the 
corresponding bands, as evidenced by the polarization-resolved SNOM. The same 
experiments revealed a large difference in the effective masses between the two 
top-most valence bands in the nonpolar QWs, a finding that opposes the conventional 
belief. The reduced carrier transfer between localization sites has been suggested as a 
reason for the long recombination times in the green-emitting semipolar QWs. A 
strong increase of the radiative lifetime with the indium content has been assigned to 
the effect of nanoscale electric fields resulting from nonplanar QW interfaces. Lastly, 
the high spatial resolution achieved with SNOM, and the possibility of simultaneously 
measure photoluminescence spectra and its dynamics has allowed to evaluate 
parameters of the ambipolar carrier diffusion, which is characterized by small, ~100 
nm diffusion length and high anisotropy. 
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Chapter 1 
 

1 Introduction 
The development of a bright GaN-based light emitting diode (LED) has 

transformed the lighting industry by taking the solid state lighting (SSL) from a 
humble niche of indicators to bring it to the general illumination [1]. Considering that 
nowadays lighting accounts for about 20% of the total electricity consumption [2], 
wide spread of energy efficient (Ga,In)N-based SSL has a potential for enormous 
energy savings. In the US alone, this amount is forecasted to be 300-400 TWh by the 
year 2030, which is twice the projected wind- and 20 times the projected solar-power 
generation [3]. Fundamental work, that enabled the successful development of the 
nitride semiconductor technology, has been performed by Isamu Amano, Hiroshi 
Amano, and Shuji Nakamura in the early 1990s and has been acknowledged by the 
Nobel Prize in physics in 2014. 

For visible light applications, the current technology relies on InGaN quantum 
wells (QWs) with ~15% In content grown on the basal (c-) crystallographic plane. 
LEDs with very high wall plug efficiency, ~70%, are commercially available in the 
blue spectral range [4]. To produce white light, blue LEDs are covered by phosphors 
that convert part of the narrow band emission [5]. Drawbacks of such approach are 
fixed color temperature and additional energy losses in the phosphor material. 
Efficient green LEDs, along with blue and red ones are required for future designs 
combining blue, red and green-emitting chips on a single platform for efficient 
displays and tunable white light sources based on color mixing [5, 6]. Despite that the 
bandgap of InGaN can be theoretically tuned through the whole visible range, in 
practice efficiency drops severely for wavelengths exceeding 500 nm (Fig. 1.1 a). 
This phenomenon is colloquially known as “green gap” [7]. Moreover, peak 
efficiency for blue LEDs is achieved only at low current densities, < 10 Acm-2, and 
quenches fast with its increase [8]. This “efficiency droop” problem plagues LEDs 
operating in high power range 102-103 Acm-2. The current industry solution is to pack 
more LED chips operating at low currents but at peak efficiency. This scaling 
approach, however, complicates the device design and increases the total costs. 

The dominant mechanism behind efficiency droop is still debated. Recently, strong 
evidences for a major role of nonradiative Auger recombination have been obtained [9, 
10]. Still, this explanation is not universally accepted [11]. On the contrary, 
fundamental reason behind the “green gap” has been established as separation of 
electron and hole wavefunctions in the QW by a strong, ~1 MV/cm, built-in electric 
field [12]. The field originates from polar and piezoelectric nature of III-nitride 
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crystals, and its deleterious effect exacerbates in alloys with higher In content required 
for emission at longer wavelength. To keep the overlap high, QW width is limited to 
<3 nm, increasing the carrier density in a QW and thus lowering the current threshold 
for Auger process. 

Potential of non-basal plane orientations (NBPs) of (Ga,In)N system to circumvent 
this built-in field have been understood long before it became technically viable. The 
early efforts of heteroepitaxy on foreign substrates, like r-plane sapphire, resulted in 
high density of basal stacking faults and threading dislocations (TDs) [13]. The 
remarkable progress in crystal quality was achieved since 2006, when bulk GaN 
substrates with low dislocation density (~106 cm-2) became available [14, 15]. As a 
result, peak internal quantum efficiency (IQE) of homoepitaxially grown semipolar 
InGaN QWs increased and shifted toward higher carrier densities compared to the 
c-plane (Fig. 1.1 b) [1, 16, 17]. 

Nonpolar m-plane excels among other NBPs due to the absence of the built-in 
electric field ensuring the highest radiative rate [16], and almost linearly polarized 
emission stemming from the non-degenerate valence band structure [18, 19]. In the 
blue spectral region, these qualities make it an excellent platform for building laser 
diodes (LDs), which have been proposed as the next generation of high-power light 
sources for illumination [20]. Despite that peak wall plug efficiency of LDs (<38%) 
[21] is lower than of LEDs with analogous wavelength (~70%) [22], it appears at 
~100 times higher carrier density leading to respectively higher output power from a 
single chip. Unfortunately, low In uptake for this plane requires low growth 
temperature of InGaN layer (<750 °C vs 950 °C for GaN) limiting the operable 
wavelength to 490 nm. Above it, the grown structures become highly defective with 
large density of misfit dislocations (MDs) that act as very efficient nonradiative 
centers [23]. 

Higher In uptake makes semipolar InGaN QWs a promising solution for the green 
gap problem. A nearly zero polarization discontinuity and comparable In 
incorporation at the highest growth temperatures are obtained for (112�2) plane [24]. 
Advantage of the potentially highest crystal quality among other semipolar layers, 
though, is shaded by a very low (~3 nm) critical thickness limit for MD formation 
[25]. Other promising candidates are the “twin” (202�1) and (202�1�) planes. These 
planes exhibit mysteriously different optical properties despite having identical 
structure of electronic bands, as predicted by theoretical calculations [19]. At low In 
contents (<25%) (202�1�)  QWs outperform their counterparts in terms of both 
radiative rate and degree of optical polarization: room temperature polarization ratio 
0.7 is typical for (202�1�) QWs, while it is nearly twice as low (<0.4) for (202�1) 
with the same In content [26]. On the other hand, (202�1) plane is less prone to 
stacking fault formation at high In contents (>24%) [27]. Therefore, it is considered a 
better option for expanding LEDs and LDs into the problematic green-amber spectral 
region. LDs operating at 530 nm (true-green) [28, 29] and LEDs with amber emission 
[30] have been demonstrated on the (202�1) plane. 

Progress in device performance in the fast developing nitride technology often 
outpaces the thorough understanding of the involved physics. As an example, it 
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seemed mysterious that the first InGaN LEDs exhibited bright emission in spite of 
poor crystalline quality [31]. Due to lattice mismatch with sapphire substrate, TD 
density in those structures was between 108 and 1010 cm-2, by four orders of 
magnitude exceeding the value sufficient to completely cease radiative recombination 
in arsenide- and phosphide-based devices. Only later, the role of carrier localization in 
this riddle was clarified [32, 33].  

Major hurdles in the development of efficient green emitting LEDs and LDs are 
related to material issues of their active region, InGaN QWs. As a result of largely 
different bandgaps of GaN (3.42 eV) and InN (0.70 eV), variations in local cation 
distribution induce large, up to 100 meV, band potential fluctuations occurring on a 
few nm scale [34]. On top of that, the growth of InGaN QWs with a high InN molar 
fraction is often accompanied by the formation of defects and phase separation due to 
the mismatch between the lattice constants and the optimal growth temperatures of 
GaN and InN. Combined, these factors alter the bandgap’s spatial uniformity and 
generate inhomogeneous potential landscape. 

In device modeling, the band potential fluctuations are usually not taken into 
account because of the complexity of the problem. Considering them explicitly while 
solving coupled Schrödinger, Poisson and drift-diffusion equations would increase the 
computation time beyond reasonable limits [41]. Thus, a simple model of 
compositionally uniform QWs with a spatially constant band gap is used. However, 
neglecting the band potential fluctuations leads to a largely oversimplified picture. 
Carrier localization at the resulting minima plays a crucial role in device performance 
[41]. An instructive example is the high efficiency of blue emitting InGaN QWs 
achieved in spite of large (~109 cm-2) TD density. Band potential fluctuations affect 
vertical (across a device) [42] and lateral (in a QW plane) transport [43], and 
recombination [44, 45]. Limited in-plane carrier spreading causes the formation of hot 
spots and premature device degradation [46]. Recent development using tunnel 
junction might contribute in solving this issue, however this work is still in the 
development stage [47]. Transport properties depend on the localization of different 
types of carriers, i.e. electrons and holes. While there is a consensus that hole 
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localization in the top-most valence band is strong, opinions differ concerning 
electrons. Some studies suggest that electrons are localized in deep potential minima 
as well [42]. Other works argue that due to the small effective mass, electron 
localization is weak [34, 48]. Also, electron and hole localization at different potential 
minima increases the radiative lifetime simultaneously making devices less prone to 
the nonradiative Shockley-Reed-Hall recombination. 

So far, all these effects have been barely touched upon; however, without their 
detailed understanding the further development of InGaN-based LEDs and lasers 
toward the theoretical limit of their efficiency is hardly possible. 
 
1.1 Motivation and overview of the original work 

This thesis project aims to develop the understanding of the influence of carrier 
localization on critical aspects determining light emission efficiency in the state-of-the 
art non- and semipolar InGaN QWs. The studied samples have been grown by 
MOCVD in the Materials Department of University of California, Santa Barbara. The 
following issues have been investigated: 

(i) The absence of a macroscopic built-in electric field in m-plane InGaN 
QWs allows assessing electron localization not affected by interface 
roughness. Variations in localization are responsible for spatially 
nonuniform radiative and nonradiative lifetimes, which have been studied 
by means of time-resolved SNOM in paper A. In general, many factors 
contribute to band potential fluctuations simultaneously, including 
variations of QW structure, alloy composition and local strain relaxation 
around extended defects. Distinguishing between them is important for 
efficient device optimization; it is a subject of paper B. 

(ii) Achieving emission in green and longer wavelengths requires an InN 
molar fraction exceeding 30%. The compositional evolution of band 
potential fluctuations in (202�1) InGaN QWs is investigated in paper C 
covering a broad, from violet to amber, spectral range of the emission. The 
impact of the associated changes in carrier localization on recombination 
dynamics is analyzed in paper D. 

(iii) Interband transitions in m-plane InGaN QWs are highly linearly polarized 
due to the non-degenerate valence band structure. This property is 
beneficial for a number of applications, including gain media for efficient 
LDs. Localized states have been previously assigned to areas with strain 
relaxation [46], which would affect the local optical polarization. 
Symmetry properties of localized states in m-plane InGaN QW have been 
examined in spatially-resolved manner in paper E. Paper E also addresses 
different localization strength for holes in the two topmost valence 
subbands. Temperature dependence of polarized emission in a more 
uniform (202�1�) InGaN QW is studied in paper F. 
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(iv) Efficient lateral transport is important for spatially homogeneous carrier 
injection into QW, otherwise “hot spot” formation would lead to premature 
device degradation [49]. Carrier localization reduces the ambipolar carrier 
transport to ~100 nm, making it difficult to be detected by conventional 
electrical methods. Paper G demonstrates accurate SNOM-based 
measurement of lateral electron and hole diffusion and defines its 
anisotropy in m-plane InGaN QW. 

 
1.2 Thesis outline 

After this chapter, the thesis is organized as follows. In Chapter 2, basic material 
properties of InGaN and the promising non-basal growth orientations studied in this 
work are given. Chapter 3 presents the employed optical characterization techniques 
and specific experimental setups. In Chapter 4, the origin of carrier localization, its 
compositional evolution and the impact on recombination dynamics is discussed. In 
Chapter 5, the relation between band potential fluctuations and polarization properties 
of the emission is established. Chapter 6 describes lateral carrier transport in 
inhomogeneous band potential landscape and quantifies anisotropic diffusion in 
m-plane InGaN. Conclusions and suggestions for future work follow in Chapter 7. 
Bibliography, the list of figures and the appended articles conclude the thesis. 
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Chapter 2 
 

2 Material properties of InGaN QWs with non-basal crystallographic 

orientations 
 

This chapter presents an overview of (In,Ga)N semiconductor material properties 
and reviews the important effects determining recombination process in InGaN QWs, 
such as exciton binding and polarization induced electric fields. Non-basal 
crystallographic orientations are introduced and their specific features and growth 
defects are discussed. 
2.1 Basic material parameters 

III-nitrides, including GaN, InN and AlN, exist in the two polytypes: cubic 
zinc-blende and hexagonal wurtzite. Being more thermodynamically stable [50], the 
latter provides the base for the majority of light emitting structures in the modern 
nitride technology. Its crystallographic structure is presented in Fig. 2.1. The unit cell 
is tetrahedron and each III-group cation has 4 nearest neighbors. In a perfect relaxed 
wurtzite crystal, all 4 bonds would have equal lengths. However, the electrostatic 
interaction between unbonded cation-anion pairs along the [0001] c-axis compresses 
the ideal tetrahedral structure along this direction [51]. The lack of the inversional 
symmetry along the c-axis leads to the two possible stacking orders in the growing 

 
Figure 2.1. Crystal structure of wurtzite Ga(In)N (drawn in the software VESTA). 
Unit cell is shown in solid black lines. Red dotted arrow denotes Coulomb attraction 
between the unbounded cation anion pairs. 
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crystal. This results in either Ga- or N-face structures, which have the opposite 
direction of the built-in electric field discussed below. The structures studied in this 
thesis are restricted to Ga-polarity, as it exhibits superior crystalline quality and 
emission properties [52]. 

GaN and InN are direct bandgap semiconductors with largely different badgaps, 
3.42 and 0.70 eV at room temperature, respectively [53]. By varying composition of 
their ternary alloy, InGaN, the bandgap can be theoretically tuned throughout the 
whole visible range (Fig. 2.2 a). Such flexibility in the emission wavelengths, 
however, comes at the cost of large mismatch between the lattice parameters: 1.95 A 
for Ga-N bond vs 2.15 A for In-N [53].The resulting mechanical strain limits the 
maximum width of InGaN layer that could be grown on GaN without plastic 
relaxation (via, e.g., formation of misfit dislocation [54]) to about 10 nm for c-plane 
In0.30Ga0.70N (Fig. 2.2 b). It is also among the fundamental factors causing spatially 
inhomogeneous alloy composition. The latter, along with the important in QWs 
fluctuations of width and the nonuniform strain distribution, transforms landscape of 
the band potential inducing strong carrier localization that is analyzed in Chapter IV. 
Apart from that, good thermal conductivity of GaN (1.3 W/cm2K for GaN similar to 
1.5 W/cm2K of Si) ensures efficient heat dissipation from the active area in 
high-current modes of operation, while high bond strength, in principle, allows device 
operation even in high temperature environments, reported as 500 °C for GaN-based 
high electron mobility transistors [56]. 

Excitons in InGaN 
Excitonic effects are important when considering recombination in InGaN 

quantum wells. Exciton is a bound state of electron-hole pair forming hydrogen-like 
system, where electron effectively orbits around a typically much heavier hole. By 
analogy with the hydrogen atom, this stable “orbit” is known as the exciton Bohr 
radius aB. For excitons with aB exceeding the lattice cell size, the so-called Wannier 
excitons, the binding energy of the n-th excited state has analytical form: 

 
Figure 2.2. Bandgap at room temperature (a) and critical thickness of strained InGaN layer 
growth on c-plane GaN (b) for varying composition xIn. Open dots indicate experimental data 
points without MD formation, filled triangles – with MDs. The shaded area denotes QW 
thickness with an overlap of the electron and hole wavefunctions above 1%. Part (b) is 
reproduced from Ref. [55] with the permission of AIP Publishing. 
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= +  is the reduced effective mass of the electron-hole 

pair, RH is the Rydberg constant (13.6 eV), and εr is the static dielectric permittivity. 
Unlike for the bimolecular recombination of free electron-hole pairs, radiative 
lifetime is nearly independent of the non-equilibrium carrier density in excitonic 
system [57]. Due to high binding energy (28 meV), excitons are present in GaN up to 
room temperatures [58]. In InGaN QWs, the confinement effect further enhances this 
value up to ~40 meV [59]. Room temperature excitonic recombination has been 
clearly observed in m-plane InGaN QWs in paper A. Screening of the Coulomb 
potential determines exciton ionization into free carriers at high carrier densities. This 
critical density, known as Mott density, is reported as 1012 cm-2 in 2D GaN structures 
[60-62]. The calculations based on Saha’s equation, modified to consider the effects 
of phase space filling and Coulomb screening, estimated the maximum exciton 
fraction in undoped system as 30% at room temperature [63]; it is responsible for 63% 
of the total radiative recombination even at a lower fraction. Just as free carriers, 
excitons can be localized in minima of the spatially inhomogeneous band potential. 
On the one hand, such localization makes exciton more stable against thermal or field 
ionization [64]. On the other, localization might as well prevent exciton formation in 
the presence of an electric field. Due to the finite amount of time required for exciton 
formation (~10 ps [65]), this could occur by separate localization of the 
non-equilibrium electron and hole into sufficiently remote sites. 

Polarization induced fields 
The electronic charge density in Ga(In)-N bonds is shifted toward the nitrogen 

atom due to its stronger electronegativity. This induces a permanent dipole moment in 
each bond, as shown in Fig. 2.3. In the c-plane, the dipole moment of each bond is 
compensated by the two symmetrically oriented counterparts. Along the c-axis, 
however, it remains uncompensated and stacks up with each crystal layer. The 
resulting net dipole moment causes spontaneous polarization. Apart from that, crystal 
deformation due to mechanical strain changes the bond lengths and their respective 
orientation, altering the total dipole moment of each unit cell and forming 
piezoelectric polarization. The total polarization is a sum of the two contributions:

tot sp pzP P P= + . It induces fixed charge densities +σ and –σ at the opposite interfaces 

of each c-plane. While within bulk material the surface charges from the adjacent 
c-planes cancel each other out, they remain uncompensated on the material borders or 
the interfaces with different materials. In a QW configuration, difference between 
polarizations of the well and barrier materials results in the formation of bound 
surface charges on both its interfaces. 

The surface charge is related to the difference in total polarization 
(2) (1)

tot tot totP P P∆ = −  between the layers brought in contact as: 
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totP nσ = ∆ ⋅


. (2-2) 

Its calculation for an arbitrary crystal orientation requires determining the strain 
components εi, which can be done using the generalized Hooke’s law presented in 
Voigt notation as [66]: 

i ij jCδ ε= .  (2-3) 

Here, δi and εi are the six unique stress and strain components, and C is a 6×6 tensor 
of the elastic stiffness coefficients containing only 5 independent components. As a 
reasonable approximation of a real quantum well, the considered system consists of a 
fully relaxed substrate layer and a coherently strained thin layer grown on top of it. 
The coordinate system with its z-axis along the normal to this QW and x-axis along its 
[112�0] a-crystallographic axis is further named template (T-) system with indexes 
(x’,y’,z’). Crystal orientation is rotated by an arbitrary angle θ about x’-axis (Fig. 2.3 b) 
forming the layer (L-) coordinate system (x,y,z), where the c-axis coincides with z 
direction. Following Ref. [67], the stress and strain components in T-system can be 
derived analytically using a key assumption that modification of the cL lattice 
parameter in a strained rotated layer is proportional to the ratio between cL and cT of 
the relaxed layers. Then, the three stress components εx’x’, εy’y’, εx’y’=0 can be found 
directly from the system geometry, while the complementing strain components 
δz’z’=0, δx’z’=0, δy’z’=0 follow from the mechanical equilibrium condition on the 
interface. After substituting them into Eq. (2-3), the resulting system of 12 linear 
equations serves to express the remaining strains εx’z’, εy’z’, εz’z’. Piezoelectric 

polarization is related to the stress as: pz
j ij jP e ε= , where eij is the 3x6 piezoelectric 

tensor in Voigt notation. Due to the hexagonal symmetry, this general expression 
reduces in the natural L-system to [68]: 

 
Figure 2.3. Electric dipole ptot of a GaN unit cell (a) and schematics of the semipolar-oriented 
crystal system used for the calculation of lattice mismatch between the substrate and the 
overgrown thin layer (adapted from Ref. [67]) (b). 
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To make use of it, a conversion into the L-system is performed by transforming the 

stress tensor εij using the rotation matrix R(θ): ( ) ( )
T

L TR Rε ε= . Finally, the total 

polarization for a given inclination θ is calculated in the T-system: 

( )' ( )( ) costot sp pz
z TP P Pθ θ ε= +   

According to Eq. (2-2), polarization discontinuity at the interface 
( ) ( )L T

tot tot totP P P∆ = − gives rise to the surface charge, which, in turn, induces electric field 

derived from the Gauss’s law: 

0/E ρ ε∇ ⋅ = . (2-5) 

This field has a deleterious effect on the radiative recombination in a QW [12]. First, 
the induced QCSE reduces the overlap between electron and hole wavefunctions 
limiting the operable QW widths to <3 nm. Second, the bended potential profile of a 
QW becomes triangular-like, further limiting its active volume. This lowers the 
activation threshold for the nonradiative Auger process, which has been proposed as a 
major cause of the efficiency droop at high carrier densities [10, 69].  

Schrödinger-Poisson calculation for homogeneous QW 
The impact of the built-in electric field on the distribution of carriers across a 

quantum well has been evaluated by solving 1D Schrödinger and Poisson equations in 
a self-consistent manner. In the effective mass approximation, the stationary 
Schrödinger equation is: 

2

,

1 ( ) ( ) ( )
2 ( ) i

e h

d d U z z E z
dz m z dz

ψ ψ
  
− + =      

 , (2-6)  

where ψ(z) is a carrier envelope wavefunction in the out-of-plane direction, Ei – 
confined QW energy states, me,h(z) – position dependent carrier effective masses,  – 
the reduced Planck’s constant, and the potential profile U(z)=V(z)+eEpold+eφ(z). In 
the latter, V(z) for electrons and holes is defined by the offsets between the barrier and 
QW layers in CB and VB, respectively; the second term is potential energy of the 
built-in electric field Epol (Eq. (2-5)) with e – elementary charge and d – the QW 
width, and the electrostatic potential φ induced by space charges is derived from 
Poisson equation: 

[ ]2

2

( ) ( )
( )

( )
e n z p zd z

dz z
ϕ

ε
−

= . (2-7)  

Here, ε(z) is the electrostatic permittivity of the layers, and n(z)/p(z) are distributions 
of total electron/hole density obtained as the number of occupied electronic states on 
all QW energy level of the respective bands: 
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where E – is carrier energy counted from the respective band edges, ,VB ( )CB Eρ  is 

step-like density of states (DOS) of a homogeneous QW: 
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and ,(E,E )CB VB
Ff is Fermi-Dirac occupation statistic in the respective bands: 

1,
,(E, E ) 1 exp

CB VB
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F
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k T

−
  −
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. (2-10)  

Quasi-Fermi levels ,CB VB
FE  for electrons/holes are determined by the total density of 

the non-equilibrium carriers. 
At every iteration j, the carrier wavefunctions ψj

e,h(z) are derived from Eq. (2-6) 
with the potential profile found in the previous iteration Uj-1(z), and used to calculate 
the corresponding carrier densities nj(z)/pj(z) with Eq. (2-8). Then, these densities are 
fed to Eq. (2-7) resulting in a new electrostatic potential φj(z) and, consequently, Uj(z). 
The procedure is repeated until the system converges to a self-consistent solution 
ψe,h(z). In paper D, this model has been used to evaluate the contribution of QCSE to 
the observed sharp increase of radiative lifetimes with molar fraction of InN in 
semipolar (202�1) InGaN QWs. The result showed that the wavefunctions’ overlap 
reduction is responsible for only 10% of the lifetime change, revealing the dominant 
role of carrier localization in it. 

The aforementioned detrimental effects of the built-in field become stronger in 
QWs with a higher InN fraction, as they experience larger strain and, consequently, 
larger piezoelectric polarization (Fig. 2.4 b). Many efforts have been invested to 
mitigate this field in order to make use of the full potential of InGaN QWs for 
high-brightness LEDs and LDs operating at wavelengths longer than 470 nm. For 
instance, replacing GaN barriers by strain-compensated InGaN/AlGaN superlattice 
has been suggested, showing a five-fold field reduction at xQW=0.16 [70]. Other 
options include shielding of the electrostatic field inside III-nitride QWs by 
introducing “guard” layers [71]. Guard layers present thick layers of the same 
material as the QW, so that the field generated by the surface charge on their 
interfaces screens that inside the QW. While this method seems promising for 
UV-emitting GaN QWs, inherently lower crystalline quality and the mentioned low 
critical thickness limit its applicability for InGaN systems. 
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2.2 Semi- and nonpolar structures 
Since polarization stacks along the c-axis, a more fundamental and considerably more 
promising approach is altering the growth direction from the hexagonal basal c-plane 
[1, 16]. The polarization discontinuity as a function of the growth plane inclination 
from the c-plane is presented in Fig. 2.4 b. The associated electric field reduces for 
semipolar orientations (0°<θ<90°) crossing zero point at θ=56° and completely 
vanishes for θ=90° inclination of nonpolar m- (101�0) and a- (112�0) plane QWs. 

The high crystal quality of semi- and nonpolar structures is achieved by growth on 
native GaN substrates with low TD density (~106 cm-2) [1, 14-16]. In semipolar layers, 
strain relaxation proceeds by the formation of misfit dislocations (MDs) [72]. For 
crystals grown with inclination 𝜃𝜃 ≤ 75°, this process occurs dominantly by bend and 
glide of pre-existing dislocations from the substrate [73], and stronger resolved shear 
strain reduces the critical thickness for MD formation [72]. A secondary mechanism 
is relaxation via slip on non-basal planes, including prismatic slip on m-planes [74]. 
For higher inclinations 𝜃𝜃 > 75°, the second mechanism becomes dominant, and for 
𝜃𝜃 = 90° remains the only possible as relaxation via slip on the c-plane slip system is 
non-accessible. In this thesis, the focus is made on the semipolar (202�1) and the 
nonpolar m-plane QWs with optional miscuts; these planes are indicated in Fig. 2.4 a. 
 

Nonpolar m-plane InGaN 
The absent built-in electric field allows growing m-plane QWs with the width 

limited only by the critical thickness for dislocation glide, which is 10 nm at x=0.09 
[72]. This ensures an efficient radiative recombination at high carrier densities, with 
an internal quantum efficiency of 71% at 2000 Acm-2 [39]. Along with an almost 
linearly polarized emission, this feature makes m-plane an attractive candidate for 
building bright LEDs and LDs for the blue spectral range. Growth of high quality 

 

Figure 2.4. Crystal geometry for an (ℎ0ℎ�𝑙𝑙)-type semipolar growth plain inclined about the 
a-axis (a). Red arrows indicate the sense of resolved shear stress, and red lines – basal (BP) 
and non-basal (NBP) slip planes (reproduced from Ref. [72] with the permission of AIP 
Publishing). The polarization discontinuity across the InxGa1-xN/GaN interface as a function 
of the growth plane inclination angle from the c-plane (b). 
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m-plane layers, however, poses a challenge. 
Spiral growth at threading dislocations results in a rough surface covered by the 

overlapping four-sided pyramidal hillocks [75-77]. Presence of such undulations in 
the shape of QW interface can induce the local polarization fields, as demonstrated in 
the previous section and by calculations in Ref. [78]. They are too small to induce a 
notable carrier separation across the QW, but might be sufficient to affect carrier 
distribution and subsequent localization in the QW plane, as demonstrated in paper A. 
More importantly, hillock facets oriented along the a- and c-axes exhibit different In 
incorporation (Fig. 2.5 a,d), contributing to a very broad QW emission with a typical 
linewidth of 150-200 meV [75, 79, 80]. 

In order to suppress the formation of hillocks, an intentional misorientation, or 
miscut, of the substrate crystallographic orientation has been introduced. The miscut 
by -1° toward the c-axis is nowadays considered an m-plane “standard” miscut [77, 81, 
82]. It results in a smoother hillock-free surface with striation features composed of 
a+c - directed atomic steps [76]. Despite of the enhancement in morphology, standard 
miscut does not provide a solution for the large emission linewidth: the maximum 
reduction of 15% has been achieved for x=0.14 [75]. Previously, this has been also 
assigned to the spatial inhomogeneity of the emission resulting from the enhanced In 
uptake on the striation features (Fig. 2.5 b,e) [75, 79]. In paper E, the influence of 
selective indium incorporation on PL linewidth is shown to be secondary with respect 
to nanoscale compositional fluctuations. 

Nevertheless, a further step toward spatially uniform emission has been made by 
growing m-plane InGaN QWs with intentional miscut along both c- and a- axes, the 
so-called double miscut [79]. More uniform atomic step structure without pronounced 
local step features prevents formation of areas with selective In incorporation that is 

 

Figure 2.5. Surface morphology (top row) and NF PL peak wavelength (bottom row) maps 
for InGaN QWs grown on native GaN substrates: the on-axis m-plane (a,d), with single 
miscut -1° toward c-axis (b,e), and with double miscut 0.7° toward c- and 1° toward a-axes. 
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observed for both on-axis and –c miscut QWs (Fig. 2.5 c,f). This uniformity 
contributes to the linewidth enhancement, reaching 30% smaller FWHM as compared 
to QWs with a standard miscut [79]. The approach, however, is prone to formation of 
a specific kind of defects called “eyelet pits”. The pits have lateral sizes varying in the 
range from 1 to 20 μm and are about 100 nm deep (Fig. 2.6). Their impact on the 
local optical properties depends on the eyelet size: the larger and deeper the pit, the 
more blue-shifted and narrower is PL and slower recombination time. Presumably, 
indium incorporation is reduced in such regions. No changes of PL parameters were 
detected in the pits smaller than ~3 μm. Nevertheless, this trend is not uniform across 
various magnitudes of miscut angles. In particular, the eyelets of different sizes had 
equally no impact on PL in the InGaN layer miscut at 1.41° toward +c- and 2.00° 
along +a- axes, being close to the structure reported in Ref. [79]. 

Similar defects of surface morphology have been observed for layers with any 
non-negligible miscut along the a-axis. The origin of the eyelet pits remains yet 
puzzling. By varying growth parameters, the conditions with low surface diffusion 
were found to suppress their formation [83]. 

 

Semipolar (𝟐𝟐𝟐𝟐𝟐𝟐�𝟏𝟏) InGaN 
The growth is more uniform for (202�1) QWs resulting in a smooth surface 

morphology with a typical root mean squared (rms) roughness of 1 nm. The 
morphology pattern consists of ridges oriented along [1�21�0]  direction [84]. 
Complex shape of the interface has been discovered for this orientation by atom probe 
tomography, consisting of (101�0) and (101�1) oriented nano-facets (Fig. 2.7 a) 
[85]. Following the approach described in the previous section, the distribution of the 

 

Figure 2.6. Eyelet pit defects (a), (d) and their influence on PL median wavelength (b) and 
decay time (e). Parts (c) and (f) indicate local PL spectra at positions indicated by white 
crosses in the lines A and B, respectively. Their coordinates are dispalyed in the respective 
legends. 
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polarization induced electric field in such QW has been calculated in paper D. The 
elastic strain is obtained for the unit cell inclined by θ=15° from the c-axis. The 
surface charges induced by piezoelectric effect were derived using Eq. (2-2) for 
individual inclination of the facets with material parameters taken from Ref. [67]. The 
resulting electric field has a significant in-plane component, reaching 10% of its total 
magnitude (~50 kV/cm for x=0.35) near the QW interfaces (Fig. 2.7 b).  
  

 
Figure 2.7. Zigzag nanofaceting of QW interfaces in (2021) In0.15Ga0.85N QW revealed by 
atom probe tomography (reproduced with permission from Ref. [85]) (a), and distribution of 
the in-plane component of the respective polarization induced electric field (b). The inset to 
(b) indicates cross section of the in-plane field component at a quarter of the QW nominal 
width from its interface. 
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Chapter 3 
 

3 Experimental techniques  
 

In this thesis work, spatial variations of optical properties on subwavelength scale 
have been measured by means of optical near field (NF) spectroscopy. Advanced 
configurations of NF experiment allowed tracing changes in recombination dynamics, 
PL polarization and defining the ambipolar carrier diffusion. When required, these 
results were complemented with temperature dependent PL or TRPL measurements in 
the far-field. The chapter presents general principles of the employed experimental 
techniques, and provides description of the specific setups. 
 
3.1 Laser system 

Two models of mode-locked titanium-doped sapphire (Ti:Sapphire) laser have 
been used as the excitation sources. The first, model Mira 900 by Coherent Inc., was 
used for TRPL measurements with a synchroscan streak camera (described further). 
Its pulse duration is 150 fs and repetition rate is 76 MHz, the central wavelength is 
tunable in the range between 700 and 980 nm, so second harmonic generation in a 
barium borate (BBO) crystal was employed to resonantly excite InGaN QWs. 

The second laser, model Chameleon II by Coherent Inc., generates 140 fs pulses 
with 80 MHz repetition rate. It allows automatic tuning of the wavelength in the range 
between 680 and 1080 nm, providing the effective range of 360 - 540 nm available as 
the second harmonics. Pulse energy conversion is accomplished by the automated 
harmonics generation setup (model Harmonixx by Angewandte Physik & Elektronik). 
Repetition rate is tuned by using acousto-optical modulator based pulse shaper (model 
pulseSelect by Angewandte Physik & Elektronik). For excitation at 390 nm, this 
system provides 50 mW power at 4 MHz, which has been used to measure long, >10 
ns, decay times in TRPL setup based on TC SPC. It is also exclusively used for NF PL 
generation in SNOM measurements. 
3.2 Far-field time-resolved photoluminescence 

TRPL experiment in the far-field is a standard addition to PL spectroscopy. In this 
technique, short laser pulses with photon energy above the material bandgap are used 
for generation of excess electron-hole pairs in the sample material, and the temporal 

evolution of luminescence intensity ( )I t  is recorded. For bimolecular recombination, 

this spectrally-integrated intensity at each moment t is proportional to the 
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instantaneous electron n(t) and hole p(t) densities: ( ) ( ) ( )I t n t p t∝ , and the product 

reduces to a single density nexc in excitonic systems. Such measurements at different 
temperatures, conducted by using close cycled helium cryostation (Cryostation by 
Montana Instruments, temperature range 3.5-350 K), provide information about 
carrier dynamics in the studied material. To cover a wide, from sub-ns to tens of ns, 
range of decay times in the investigated structures, two TRPL setups have been 
employed based on 1) streak camera, for ultrafast dynamics detection, and 2) 
time-correlated single photon counter for all other occasions, including SNOM scans. 
 

3.2.1 Streak camera 
Streak camera is an ultrafast device, which depicts evolution of the laterally 

separated optical input channels in time in the form of a two-dimensional image. In 
our setup, the entrance of the streak camera (model C5680 by Hamamatsu) is 
equipped with a spectrograph, providing a spectrally-resolved PL signal on its input 
slit. The operating principle of a streak camera is demonstrated in Fig. 3.1 a [86]. The 
entrance slit regulates the intensity of the input signal. The lens system forms an 
image of the incoming spectrally-resolved signal on the surface of a photocathode 
inside the vacuum tube. 

The intensity of the induced electron photoemission at each point of the cathode is 
proportional to the incoming photon flux. Inside the vacuum tube, these electrons are 
accelerated toward a pair of deflection electrodes, which are oriented parallell to the 
entrance slit. A high-speed sweep voltage applied to the electrodes deflects the 
electron beam in the perpendicular direction. The deflection distance for each electron 
depends on its arrival time at the sweeping electrodes, generating temporal resolution 
of the analyzed input. Signal of the deflected electrons is further amplified by a 
microchannel plate and finally exposes a phosphor screen exciting its fluorescence. 
This fluorescence is recorded by a charge-couple device camera (CCD).  The 
intensity of the resulting image on CCD is proportional to the photon flux at the 

 
Figure 3.1. Operation principle of streak camera (reproduced from Ref. [86]) (a) and 

a sample streak camera image (b). 
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corresponding energy – in the horizontal and the corresponding arrival time – in the 
vertical directions, as shown on a typical streak camera image in Fig. 3.1 b. Weak 
TRPL signals can be amplified in the synchroscan mode by accumulating multiple PL 
transients. Their synchronization is realized by using a portion of the excitation pulse 
as a trigger for the voltage sweep. Streak camera is a powerful tool allowing analysis 
of the temporal evolution of PL spectra with very high temporal resolution, 3 ps in our 
setup. Its major drawbacks, however, are low sensitivity, requiring long integration 
times to resolve weak signals, and short temporal span, 1.5 ns in our setup, that 
complicates measurements of long (>5 ns) transients.  

 

3.2.2 Time-correlated single photon counter 
Time-correlated single photon counting is based on detection of single photons of a 

periodical light signal. The detection of arrival times of individual photons allows 
reconstructing the waveform of the total luminescence signal. The method is 
applicable for low level, high repetition rate signals, when the light intensity is so low 
that the probability of detecting two photons in one signal period is negligible. 
Practically, this limits intensity of the analyzed light to detection of less than 0.01 
photon per signal period. The detection of individual photons produces a train of 
randomly distributed pulses in the detector signal (Fig. 3.2 a). In this “train”, many 
signal periods are empty, others contain one photon pulse, and periods containing 
more than one photon are negligibly rare. Upon photon detection, the event time 
within the signal period is measured and is saved in memory with an address 
proportional to the detection time. Measurements over many signal periods allow 
building a histogram of the detection times, i.e. the temporal transient of the optical 
signal. 

For excitation sources with high, >10 MHz, repetition rate, TC SPC system is 
operated in the “reversed start-stop” configuration [87]. Its principal architecture is 
presented in Fig. 3.2 b (model Simple-Tau 150 by Becker&Hickl GmbH). The 
luminescence signal is detected by photomultiplier tube (PMT, model R3809 by 
Hamamatsu), which generates pulses of randomly varying amplitudes upon detection 
of single photons. In order to eliminate the effect of the amplitude jitter on the photon 
arrival time, a constant fraction discriminator (CFD) is used for triggering on these 
pulses. The second CFD delivers timing reference pulses from the excitation source. 
The output pulses from the two CFDs provide start and stop triggers for a 
time-to-amplitude converter (TAC). TAC generates the voltage signal A(Δt) 
proportional to the time interval Δt between the trigger pulses. It is typically based on 
a capacitor, which is charged by a switched current source; such approach allows 
resolving time differences up to few ps. The output voltage from TAC is further 
amplified and fed to an analog-to-digital converter (ADC). ADC converts the voltage 
amplitude mark of the photon detection time into the address word for the memory 
bank of the measurement. By incrementing contents of photon time “adresses”, the 
temporal distribution of photons within the analyzed signal is built up. TC SPC has 
several advantages over other TRPL techniques. Its superior sensitivity allows 
resolving transients of luminescence with very low intensity using only ~10-100 ms 
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integration times (using laser with 80 MHz repetition rate). This feature comes in 
handy when recording dynamics of weak NF PL signal in SNOM scans. Moreover, 
accuracy of the time measurement in this method is not limited by the width of the 
detector pulse. Temporal resolution of the used TC SPC model is 30 ps. 
 
3.3 Scanning near-field optical microscopy 

3.3.1 Principles and modes of operation 
The combination of optical spectroscopy techniques with microscopy tools 

provides a powerful instrument to study the spatial distribution of various properties 
of semiconductor structures. This approach is valuable in the case of ternary nitrides 
as they exhibit essentially nonuniform emission [32, 41-45, 48, 88]. However, 
resolution of classical optical microscopy systems is well known to be subjected to 
diffraction limit, implying that the excitation cannot be focused in a spot with 
diameter d smaller than the defined by Abbe limit: 

2 sin
excd

n
λ

θ
≥  (3-1) 

Here, excλ  is wavelength of the used excitation, and sinn θ  is numerical aperture of 

the focusing lens. The recent achievements in confocal microscopy techniques, 
including stimulated emission-depletion fluorescent microscopy, allow breaking this 
limit by selectively controlling far-field emission of dye molecules embedded into the 
sample [89]. The requirement for introducing dye molecules into the studied sample 
makes such techniques irrelevant for crystal structures. 

On the other hand, information about optical parameters is also contained in the 
non-propagating near-field part of the radiation. It is localized at the emitter itself and 
its amplitude decays with distance exponentially on a subwavelength scale. By locally 
perturbing the NF with a sharp probe, these modes can be scattered into propagating 
waves and further detected by means of conventional spectroscopy. Resolution of 
such measurement depends only on the probe size, and can go well below optical 

 
Figure 3.2. Operation principle of time-correlated single photon counting (a) and architecture 
of a reversed start-stop configuration of TC SPC (b) (adapted from Ref. [87]). 
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wavelengths, reaching 10 nm in particular configurations [90-95]. Credits for the 
original idea are given to E.H. Synge [96], and the first implementation for the visible 
wavelengths dates to 1980-s [97, 98], drawing foundation of scanning near-field 
optical microscopy (SNOM). 

There are many configurations of scattering near-field [99, 100]; they can be 
generally distinguished as aperture or apertureless SNOM. Apertureless technique 
relies on the local enhancement of the far-field excitation by a sharp metal tip. In 
aperture SNOM technique, a probe with subwavelength aperture can be used for the 
generation of the evanescent field and/or collection of the perturbed near-field modes. 
Depending on the aperture function, several modes of aperture SNOM operation are 
distinguished. 1) Collection (C-) mode: evanescent field on the sample’s surface is 
generated by the far-field excitation, the near-field is scattered and collected by the 
aperture and transmitted to the detector through the probe. High contrast is achieved 
in the dark field mode by exciting the sample in total internal reflection [101]. 2) 
Illumination (I-) mode: excitation is guided through the probe creating a NF at its 
aperture (Fig. 3.3 a), which is further used for local excitation of the sample. The 
resulting PL is collected in the far-field. 3) Illumination-collection (IC-) mode: NF 
excitation is generated by the probe similar to I-mode, but PL is collected through the 
same aperture like in C-mode. Only aperture SNOM has been employed in this thesis 
work. Despite that it has worse resolution, 70-100 nm, compared to sub-10 nm 
achieved with metallic nanoantenna probes, the presence of a well-defined aperture 
provides certain advantages. The first is the absence of a background signal, which 
might be difficult to properly subtract as it might vary on the same scale as the studied 
PL. Second, measurements of PL spectra in scattered SNOM are difficult because the 
detector has to be synchronized with the probe oscillations of tens of kHz and CCDs 
are not that fast. Third, the aperture strictly defines the area over which the signal is 
collected allowing to control the influence of the transport of photogenerated carriers 
on it. 

Tapered optical fibers have been used as NF probes in our setup. The commercially 
available metal coated fiber probes have been first examined, including thermally 
pulled fiber probes produced by Lovalite and chemically etched – by Nanonics Ltd. It 
must be noted that etched fibers generally exhibit larger cone angle, ensuring lower 
propagation losses compared to the pulled probes. Simultaneously, the tradeoff on the 
imaging contrast due to stronger signal collecting from the taper region is eliminated 
by the metal coating. Nevertheless, the quality of the resulting aperture was low, so 
that neither of these probes proved working in IC-mode. For this reason, the probes 
were custom fabricated from UV-transparent Ceramoptec multimode fiber (pure silica 
core with 50 μm diameter) by tube etching in HF [102]. For metal coating, thin Al 
layer has been deposited on the etched fibers placed at 70° to the ion flux. This angle 
was found optimal for quality aperture formation, 5° deviation away from the beam 
resulted in a metal-coated aperture, while the same inclination in the opposite 
direction – in the insufficient metal deposition and significant leakage of the far-field 
excitation component. SEM image of a sample probe is demonstrated in Fig. 3.3 b, 
the 100 nm diameter aperture is clearly visible. The major drawback of fiber probes 
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prepared this way is low reproducibility of the tip shape. Recently, the efforts have 
been made to address it by employing nanolithography for tip fabrication [103]. 

Regardless of the employed near-field harvesting mode, all SNOM setups share the 
feedback loop based control of the probe-sample distance. Our setup is based on the 
shear-force feedback [99], where the interaction between the sample surface and the 
tip of a probe mounted on a quartz tuning fork is assessed by deviation in the 
frequency of its lateral oscillation from the resonant value. This feedback signal 
allows keeping the probe-sample distance within 2-5 nm to make near-field optical 
excitation possible, as well as contains information about the surface morphology. 

 

3.3.2 Advanced SNOM configurations 
SNOM has proven to be a valuable tool in the research of ternary nitrides [33, 84, 

104-107]. At the same time, majority of the reported studies have been restricted to 
the analysis of spatial variations of PL spectra, or even its intensity alone, in the 
time-integrated mode. Valuable information remains hidden in other parameters of the 
emission, like its decay time or polarization. To access it, the following configurations 
of SNOM have been developed during the thesis project based on the commercial 
SNOM (model Multiview 4000 by Nanonics Inc.). 

 

Time-resolved SNOM 
The most straightforward expansion of SNOM functionality can be achieved by 

complementing it with time-resolving equipment. This allows relating spectral 
components of the emission, like peak energy, intensity or linewidth, to the carrier 
dynamics at each point of the scan. In fact, local PL dynamics has been previously 
probed by combining SNOM with streak camera [108, 109]. Such approach, however, 
would require long integration time at each point of a scan, making it not feasible to 
map carrier dynamics. Being free of this flaw, TC SPC systems provide an excellent 
alternative for building time-resolved SNOM setup. Fig. 3.4 demonstrates its 
implementation with time-resolved detection in IC-mode used in papers A and B; the 
collected NF signal is split between spectrometer and TC SPC equipped with a proper 

 
Figure 3.3. The electric field distribution in the vicinity of an aperture with sub-wavelength 
size (a), and a sample SEM image of the focused ion beam processed metal-coated SNOM 
fiber probe used in this work (b). 
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band pass filter on its input. As a result, each point of a scan contains time-integrated 
PL spectrum, PL transient and relative surface height. The stability of the laser 
excitation intensity has been monitored by reflecting part of it to the GaP photodiode, 
and the variations were typically below 5%. Low excitation regime was employed, 
with photogenerated carrier density of 4∙1011 cm-2 estimated for the aperture 
throughput of 10-4 [100], and uniform GaN absorption coefficient of 105 cm-1 [110]. 

The maps of radiative ( )rad rτ  and nonradiative ( )nr rτ  lifetimes can be further 

derived from the fitting parameters of the local PL transients. Assuming nonradiative 
recombination negligible within the first 100 ps after photoexcitation, variations in 
amplitude of the PL transients become inversely proportional to that of radiative 
lifetimes [111]. The distribution of radiative lifetimes can then be obtained from the 

map of PL transients’ amplitudes normalized by the average radiative lifetime FF
radτ  

measured in the far-field temperature dependent-TRPL following Ref. [88]. The map 
of the nonradiative component is calculated from the maps of PL and radiative 
lifetimes: 

( ) ( )/FF norm
rad rad peakr I rτ τ=   (3-2 a) 

( ) ( ) ( )1/ 1/ 1/nr PL radr r rτ τ τ= −
   . (3-2 b) 

A competing technique providing similar capabilities with even higher spatial 

 
Figure 3.4. Time-resolving dual-mode SNOM setup combining simultaneous detection of PL 
spectra in IC and I modes and PL dynamics in either of the two modes (illustrated in IC 
mode). Part highlighted by the red dashed line depicts single mode time-resolved SNOM 
setup. 
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resolution is time-resolved cathodoluminescence (TR-CL) [112, 113]. Resolution of 
<50 nm has been reported. However, TR-CL inherits several important drawbacks 
with respect to TR-SNOM. First, the excited area is defined by the distribution of 
secondary electrons, and does not allow selective (resonant) excitation of a particular 
semiconductor layer. If a QW is studied, the measured CL transients reflect not only 
recombination in a QW, but also carrier transport from the barrier regions, which 
cannot be filtered out. Even though such transport is typically fast, ~300 ps in InGaN 
[114], and might barely change the transients slope for slow recombination, the peak 
value is still affected. Second, long exposure to high energy electron beam has been 
reported to induce structural damage, in particular, In clustering in InGaN alloys [115, 
116]. Finally, unlike SNOM, CL does not allow simultaneous measurement of the 
surface morphology. 

 

Polarization-resolved SNOM 
Another largely overlooked parameter in SNOM studies is optical polarization. 

This is likely attributed to complexity of defining polarization of the near-field signal 
collected in the most popular IC-mode of SNOM measurements. This problem can be 
overcome by using I-mode instead, when PL is locally excited by NF of the probe and 
collected in the far-field with a lens located on the bottom side of the sample. This 
method requires that the sample is transparent to the excited PL, and resolution of 
such measurements is lower than in IC-mode due to diffusion of carriers from the 
excitation area. NF generated by a laser excitation at the aperture of a metal coated 
tapered fiber probe was shown to be arbitrarily polarized [117]. In addition, mode 
mixing in the multimode fibers used in this work further contributes to an unpolarized 
character of the optical excitation. On the other hand, NF excitation with a high 
degree of linear polarization can also be achieved using bended probes prepared from 
a single-mode fiber [118]. 

NF PL collected in I-mode can be further analyzed in terms of polarization of plane 
waves. Following the origin of polarized interband transitions in semi- and nonpolar 
InGaN QWs, PL has been analyzed in terms of linear polarization. For this purpose, a 

 
Figure 3.5. Polarization-resolving SNOM setup (a) and alignment of the optical maps 
recorded in the two subsequent scans by matching the corresponding topography maps (b). In 
part (a), coupling of the laser excitation is omitted. 
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linear polarizer has been placed after the microscope objective, prior to PL coupling 
into a fiber delivering it to spectrometer (Fig. 3.5 a). To obtain degree of linear 
polarization of PL in paper E, each measurement consisted of two scans performed at 
the same location on the sample but with crossed positions of the polarizer. The 
polarizer orientation was aligned along a- (E⊥c PL polarization) and c- (E∥c PL 
polarization) crystallographic axes of the sample. Small differences in positions of the 
scanned area between the measurements have been corrected by matching the 
corresponding surface morphologies (Fig. 3.5 b). 

Alternatively, DLP could be measured in a single scan if a Glan-Thomson polarizer 
is used; the separated in space PL components with orthogonal polarizations could 
then be collected into, e.g., two different fiber couplers and analyzed by different 
spectrometers simultaneously. This would, however, require accurate calibration of 
the coupling and transmittance efficiency for each of the two PL collection channels. 
 

Multi-mode SNOM for measurement of nanoscale carrier diffusion 
Combination of SNOM measurements in IC- and I-modes is called dual mode. 

Remarkably, only the photogenerated carriers recombining directly under the probe 
aperture contribute to IC-mode, while all of them – in I-mode. The potential of 
dual-mode SNOM in evaluating carrier transport has been long understood [109, 
119].This qualitative understanding, however, has never evolved into an accurate 
measurement of carrier diffusion, since that would require mapping of the spatially 
nonuniform carrier lifetimes, or in other words – combination of dual mode with 
TR-SNOM. The principal setup of the multi-mode SNOM, used to measure 
anisotropic carrier transport in paper F, is demonstrated in Fig. 3.4. The method 
requires no specific sample preparation and can be applied to a wide variety of objects, 
not limited to only crystalline samples. The samples, however, must have sufficiently 
high radiative efficiency to be detected in IC-mode, and be transparent to the 
photoexcited emission. 
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Chapter 4 
 

4 Carrier localization and recombination 
 

A distinct feature of InGaN material is large spatial variations of the bandgap 
leading to a pronounced carrier localization even at room temperature [33, 88]. The 
magnitude of the band fluctuations varies in layers with different growth orientations 
and increases with InN molar fraction x, reaching 100 meV for m-plane already at 
x=0.15. Carrier localization has a strong impact on recombination through the 
correlation or anticorrelation of localized states with nonradiative centers, spectral 
broadening, spatial separation of the oppositely charged carriers. For instance, exciton 
localization generally disturbs uniform population inversion, leading to an increase in 
the threshold current for lasing. On the other hand, localization effects can contribute 
to the enhanced internal quantum efficiency by isolating carriers from dislocation 
cores. This chapter presents an accurate picture of carrier localization and its effect on 
recombination dynamics in semipolar (202�1) and nonpolar (101�0) InGaN QWs. 
Contribution from factors with different origin is revealed, and compositional 
evolution of localization effects is described. 
 
4.1 PL broadening in inhomogeneous QWs 

Spectrum of spontaneous emission in a real structure is affected by carrier 
interactions with the host solid and, therefore, is a subject to broadening. Mechanisms 
of spectral broadening are usually divided into two parts. Carrier interaction with 
phonon modes of the lattice is distinguished as homogeneous broadening mechanism. 
The remaining part is caused by the interactions with different irregularities of the 
crystal structure, and thus known as inhomogeneous broadening. 

• Phonon broadening 

Energy exchange between carriers and the lattice can proceed via adsorption or 
emission of quanta of the lattice vibrations, phonons [120]. Carrier-phonon interaction 
is a thermodynamical process, which results in the spread of carrier energies over the 
range determined by the bandwidth of involved phonon modes; thus, it produces 
spectral broadening of the luminescence. In a polar crystal, like wurtzite InGaN, this 
interaction at room temperature is possible via acoustic or optical vibrational modes. 
For excitonic recombination, which is characteristic of InGaN QWs [57, 59], total 
luminescence broadening can be expressed as [121]: 
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( ) ,
exp( / k T) 1inh

LO B

T T
h

γσ
n

Γ = Γ + +
− −

 (4-1) 

where Γinh is inhomogeneous broadening, σ/γ – exciton coupling strength with 
acoustic/longitudinal-optical phonons, and hνLO – longitudinal-optical phonon energy. 
Interaction with acoustic phonons governs the homogeneous broadening of the 
linewidth at low temperatures, while above 200K the dominant contribution comes 
from optical-phonon modes. Homogeneous broadening of 42-46 meV at room 
temperature is found in paper C for (202�1) InGaN QWs with 0.11 0.20x≤ ≤ . 
Similar values were found for m-plane QWs [122], significantly exceeding those 
reported for polar InGaN QWs, 29 meV [123], and for bulk GaN, 22 meV [124, 125]. 

Ultimately, strong carrier-phonon coupling may also lead to a qualitative change in 
PL spectrum by invoking series of periodically spaced side peaks on its low energy 
side (Fig. 4.1). This manifestation of radiative process involves carriers trapped in 
‘dark’ states [126], which can only proceed via interaction with phonons, and is 
particularly realized in the case of separate carrier localization [127, 128]. 

• Inhomogeneous broadening 
Irregularities of the crystal structure can locally modify the electronic bands and 

induce the localization of carrier wavefunction in the resulting potential minima. In 
the present sense, the term carrier localization means that the wavefunction of a 
charge carrier occupying a certain energy state is restricted in space. Such energy 
states are further referred as localized states, and size of the restricted area – as 
localization length. Exact notation of the latter may vary from study to study; the 

quantum mechanical expression gives: 
2

locr r r drψ= −∫ , where ψ(r) - carrier 

wavefunction, and 2r r drψ= ∫ . Distribution of carriers over minima with different 

energies modulates energy of interband transitions and leads to the emission 
broadening. On the scale, that is macroscopical with respect to irregularity size, its 
effect can be accounted by extending the step-like density of states of an ideal crystal 
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Figure 4.1. Phonon-assisted peaks in PL spectra of the m-plane In0.11Ga0.89N QW at different 
temperatures. 
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into the bandgap. Joint density of states for a homogeneous QW structure can be 

written as a series of steps: ( )0 0, 2( ) ( )CB VBi
i i i

i i
g g E Eµε ε

π
= = Θ − −∑ ∑


. Here, ε – is 

transition energy, 𝜇𝜇 = � 1
𝑚𝑚𝐶𝐶𝐶𝐶,𝑖𝑖
∗ − 1

𝑚𝑚𝑉𝑉𝐶𝐶,𝑖𝑖
∗ �

−1
 – reduced effective mass of electron-hole 

pairs in the subbands involved in the i-th transition, 𝐸𝐸𝑖𝑖
𝐶𝐶𝐶𝐶,𝑉𝑉𝐶𝐶 – edge energy of these 

subbands and the sum covers all pairs of subbands involved in the interband 
transitions. In the absence of large cation aggregation and moderate variations of QW 
width (<5-7 monolayers), normal distribution of disorder in the band potential profile 
can be assumed [129]. Then, the density of tail states follows a Gaussian function 
with the standard deviation defining the inhomogeneous broadening of a particular 

interband transition 𝜎𝜎𝐿𝐿,𝑖𝑖 = �𝜎𝜎𝐶𝐶𝐶𝐶,𝑖𝑖
2 + 𝜎𝜎𝑉𝑉𝐶𝐶,𝑖𝑖

2  [130]. The total JDOS ( )g ε  of a spatially 

inhomogeneous QW is a convolution between 0 ( )g ε  and band tails states:  
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∑ ∫  (4-2) 

The inhomogeneous broadening term 𝜎𝜎𝐿𝐿  can be extracted from the emission 
linewidth using Eq. (4-1). It is also called localization depth, as it defines the median 
depth of potential fluctuations experienced by charge carriers. These fluctuations 
occur on a range of scales from few nm-s to several microns. The resolution of 
SNOM measurements allows distinguishing between the two contributions: 
micrometer variations are seen in peak position of NF PL spectra, while its 
broadening reflects the effect of sub-probe, nanoscopic, fluctuations. The result is a 
dual pattern of carrier localization, described in Ref. [104]. Some of the micrometer 
scale band variations can be related to areas with different crystallography, like 
pyramidal facets observed in m-plane QWs (Papers A, E). Origin of the others 
remains unknown and is commonly attributed to nonuniform growth conditions [104]. 
 
4.2 Electron and hole localization: insights from theory 

Thorough analysis of the connection between carrier localization and optical 
properties is impossible without understanding the difference in the restraining effect 
that potential fluctuations have on charge carriers in different electronic bands. 
Theoretical insights into this phenomenon for InGaN QWs have been significantly 
developed only in the last years. 

Modeling of the localization effect in InGaN QW requires defining the landscape 
of disordered potential, considering a number of contributions with different origin. 
They are presented in the next section; current discussion is focused on the 
fluctuations of QW width and alloy composition on different size scales. Majority of 
the reported theoretical studies can be divided into two parts: continuous media based 
and atomistic descriptions. The former treats disorder in an effective mass 
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approximation by modeling a continuous medium with spatially varying 
macroscopical characteristics, such as bandgap, mechanical strain, dielectric constant, 
etc. [42, 48, 131]. Similar localization of electrons and holes is suggested in Ref. [42]. 
However, this result has not become widely accepted, and most studies concluded that 
nanometer-size compositional fluctuations localize electrons much weaker than holes 
[48, 131]. Comparison of localization lengths gives a 6-fold difference (~12 nm for 
electrons vs ~2 nm for holes in alloy with 15% In), in both polar and nonpolar QWs 
[131]. On the other hand, accurate atomistic modeling in the frame of density 
functional theory (DFT) reveals hole localization at individual In-N-In-N chains [132, 
133]. The result implies that hole localization is inevitable even in a perfect InGaN 
layer, since such chains naturally occur in alloy with a random disorder. This 
emphasizes the importance of considering the microscopic origin of localization 
effects. Unfortunately, it is not computationally feasible to use the DFT method to 
analyze ensembles that are sufficiently large (>104 atoms) to design a QW structure. 
The tradeoff solution is using semi-empirical approaches, like tight binding method, 
which accounts for atomistic origin of disorder with lower accuracy but reasonable 
computational cost [134]. The conclusion for weaker electron localization by 
compositional fluctuations is confirmed, hole localization at random alloy fluctuations 
makes them nearly insensitive to interface fluctuations. In nonpolar systems, Coulomb 
interaction confines electron wavefunction in the vicinity of a localized hole [34]; 
deviation from this picture in the real nonpolar QWs is found in paper A. Small (5 
nm in diameter and 2 monolayer thick) interface fluctuations were shown to strongly 
localize electron wavefunctions in the presence of macroscopical transverse electric 
field, but have a limited effect in its absence [128]. The study of the impact of larger 
interface features wasn’t computationally feasible. Instead, this was performed by 
Marquardt et. al. [78] in the frame of continuum elasticity theory complemented with 
k∙p calculations. Disk-like interface fluctuations, provided a sufficient lateral extent, 
were found to generate electric field with a significant lateral component to screen 
excitonic binding and result in separate localization of electrons and holes. 

To conclude, holes are strongly localized on the nanoscale by random alloy 
fluctuations, while electrons spread over larger area and thus are more susceptible to 
variations in electric field configuration. This result of microscopical studies may be 
accounted phenomenologically by introducing formalism of effective broadening of 
electronic bands [48]. In its frame, the actual landscape of potential fluctuations in a 

particular band is replaced by the effective landscape ,
eff
CB iσ  obtained by averaging of 

the actual potential over the spreading area of carrier wavefunction. Effective 
potential in the CB has a considerably smaller fluctuation magnitude (or localization 

depth) than in the VB, which remains close to the actual value: eff eff
CB VB VBσ σ σ<< ≈ . 

Effective profiles of the subbands / ,
eff
CB VB iσ within the same electronic band can also 

differ, depending on the respective carrier effective masses. This has a profound 
influence on polarized emission in m-plane InGaN QWs, as discussed in Chapter 5. 
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Still, the effect of electron localization cannot be ignored. In paper A, variations in 
electron localization were assigned responsible for spatially nonuniform radiative 
lifetimes in m-plane InGaN QW. The largest increase of radiative lifetimes appears in 
steep +c-oriented facets of the surface pyramidal hillocks (Fig. 4.2 a,c). Non-planarity 
of QW interface in these regions induces electric field with nonzero in-plane 
component, which results in separate localization of electron and hole into adjacent 
minima. The interpretation is confirmed by a distinct positive correlation in the slope 
area between the radiative lifetimes and the magnitude of potential fluctuations 
reflected in FWHM (red dots in Fig. 4.2 e). Weak localization of electrons ensures 
their easy activation over a barrier separating the adjacent minima leading to a 
moderate, 20% increase in the local radiative lifetimes. Absence of such abrupt 
crystallographic features in the miscut m-plane QWs is a reason for more spatially 
uniform radiative rates. 
 
4.3 Mechanisms of inhomogeneous broadening 

The mechanisms contributing to inhomogeneous PL broadening can be divided 
into structural and compositional QW variations. Compositional inhomogeneities 
present an overlay of the random alloy disorder, alloy fluctuations and cation 
segregation. The statistical nature of occupancy of the lattice sites leads to the random 
alloy disorder. It occurs on the scale of the unit cell and cannot be avoided. 
Contributions of the other factors can be greatly reduced by enhancement in the 
growth uniformity. Alloy fluctuations stand for average composition variations on a 

 

Figure 4.2. SNOM maps of radiative and non-radiative lifetimes (a,b), topography gradient 
along the c-axis (c) and integrated PL intensity (d) for the on-axis m-plane In0.18Ga0.82N QW. 
Part (e) shows the correlation between maps of radiative lifetimes and FWHM with the red 
dots indicating data points from the +c-oriented facets of the pyramidal hillocks. 
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larger, >1 nm, scale. Their significance is caused by the large difference in the 
bandgaps of the alloy constituents, which makes even tiny, 0.1%, compositional 
fluctuations inducing fluctuations of ~20 meV in the valence band potential. Cation 
segregation is an extreme case of the alloy fluctuations when atoms of a certain binary 
constituent condensate in a form of clusters; In clustering has been a major factor 
believed to contribute to carrier localization in early days of the nitride technology 
development [135-143]. In the present days, however, it is completely overcome [115] 
for polar, many semipolar (including (112�2), (202�1), (202�1�)) and m-plane QWs, 
though evidences for cluster formation have been recently obtained for the less 
researched a-plane [144]. 

In its turn, structural variations include: 1) local nonplanarity of the interface that 
induce QW width variations; 2) inclusion of different semipolar phases; and 3) 
inhomogeneous strain distribution in the vicinity of extended defects. 

Distinguishing between contributions of different origin is a difficult task because 
they appear as a complex interplay in real structures [145]. In paper B, an attempt is 
made to resolve this problem by studying the influence of well width on the 
distributions of spectral and temporal PL parameters in the set of (202�1) QWs. 
Independent of the QW width, smooth morphology (rms<1 nm) indicated no inclusion 
of different semipolar phases, while the very uniform maps of PL peak wavelength 
and FWHM (standard deviation below 3%) pointed at the uniformly strained InGaN 
layer without notable relaxation areas. The increase of the well width from 2 to 6 nm 
led to a 4 times increase in the radiative lifetime (Fig. 4.3). While the difference 
between 4 and 6 nm QWs could be explained by the effect of transverse electric field, 
the very short radiative lifetimes in the 2 nm QWs has been assigned to the effect of 
interface scattering that reduces electron mobility and prevents its separation from the 
localization area of a hole. At the same time, the inhomogeneous broadening exhibits 
a moderate 10% increase (Fig. 4.3). It counters the expectation for a stronger 
pronounced variation of the confinement effects in narrower QWs showing that 
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inhomogeneous broadening cannot be explained by QW width fluctuations. Instead, it 
must be attributed to compositional fluctuations of the alloy. 

 
4.4 Compositional dependence of carrier localization  

The growth of InGaN QWs operating in the green spectral range requires In 
incorporation exceeding 30%. Regardless of the mitigated influence of QCSE in 
semipolar QWs, their IQE at these In contents drops below 30% [146]. An important 
factor determining radiative efficiency becomes spatial fluctuations of the bandgap 
and its interplay with the distribution of nonradiative centers. High efficiency of blue 
emitting polar QWs benefits from carrier localization that isolates carriers from 
dislocation cores and the surrounding aggregations of point defect [33, 105, 147]. The 
effect vanishes for the green emitting QWs, as has been reported for polar [33, 148] 
and certain semipolar [84, 149] InGaN QWs.  

The evolution of the carrier localization with alloy composition in (202�1) InGaN 
QWs is a subject of paper C. The studied QWs include 0.11 0.36x≤ ≤ , covering the 
emission in a broad spectral range from violet to amber. The samples exhibit a high 
PL spatial uniformity, however dual pattern of localization preserves for the whole 
studied range of x. As was discussed in the previous section, band potential 
fluctuations in these QWs have mainly compositional origin.  

As displayed in Fig. 4.4 a, micrometer size islands remain shallow, ~10 meV 
independently of QW composition, thus revealing high sample growth uniformity. 
Contrary to the previous NF study of the (202�1) QW with 30% In [84], they are not 

 
Figure 4.4. NF PL maps of the peak wavelength (a), and FWHM (b), as well as the surface 
morphology (c) for the (202�1) In0.31Ga0.69N QW. Part (d) shows spectra, measured at points 
A, B and C indicated on the map (a). Part (e) summarizes compositional dependence of the 
peak energy deviations. 
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related to the surface morphology. On the other hand, nanoscale localization sites 
deduced from the PL linewidth are 3-6 times deeper, and their magnitude increases 

linearly with InN fraction as 131.9 8.6L xσ = + (meV) (Fig 4.5 a). These fluctuations 

present an overlay of random cation distribution and 1-10 nm scale compositional 
fluctuations. The contribution of the former part can be evaluated for excitonic 
systems following Lee and Bajaj [150] as: 

( )2ln 2 1
2 ,g

r
ex

dE x x V
dx V

σ
− ∆

=  (4-3) 

where gE  is the material bandgap, V∆ – volume of the unit cell, and excV – the 

exciton volume ( ) 32 2
04 3excV eπ εε µ =   with ( )xε ε=  being the static dielectric 

constant. The calculated random alloy linewidth is shown by black line in Fig 4.5 (a). 
Unlike in AlGaN QWs where the linewidth follows random alloy broadening in a 
wide compositional range [104], the deviation of inhomogeneous broadening from 
that of the random alloy increases with InN molar fraction. At low (x<0.11) In content, 
potential fluctuations arise almost solely from the random alloy distribution; 
contribution of the nanoscopic In segregations increases with x and becomes 
comparable at 35%. 

Valuable information can be obtained by studying the correlation between SNOM 
maps of different parameters. Pearson product-moment correlation r is used 
throughout this thesis as a measure of linear correlation. The change in the correlation 
between PL peak wavelength and FWHM (Fig. 4.5 b) reveals that deep potential 
fluctuations become more isolated from each other, and carrier transfer to deeper 
localized states hinders above 30% In content. To conclude, alloy fluctuations become 
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Figure 4.5. Experimental values for the average FWHM and calculated values of the 
localization parameter σL and the linewidth for a perfectly random alloy (a). Correlation 
between the peak wavelength and the FWHM for the QWs with different In content (b). 
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larger and nanoscopic In-rich islands – more separated from each other as InN molar 
fraction exceeds 0.30 in (202�1) InGaN QWs. 
 
4.5. Compositional evolution of carrier dynamics 

Drastic increase of radiative lifetimes was found in (202�1) InGaN QWs as alloy 
composition exceeded 30% (Fig. 4.6 a) (paper D). The shape of PL transients 
deviates from single exponential, and can be well fitted by the stretched exponential 

decay model: ( )( ) (0)expPL effI t I t
β

τ = −  
. Parameter β shows the dispersion of 

carrier distribution over localized states with varying magnitudes. Low temperature β 
gradually decreases with x, reflecting the increased dispersion of band potential σL 
(Fig. 4.6 b). On the other hand, room temperature β is determined by the thermally 
activated carrier redistribution between shallow and deep minima; it is close to unity 
at 0.31x ≤ , but abruptly drops to ~0.6 in QWs with higher In content. This change 
indicates quenching of carrier transfer between localized states and coincides with the 
turning point in the correlation in Fig. 4.5 b. Simultaneous abrupt increase in radiative 
lifetimes is a result of localization of electrons and holes into adjacent potential 
minima separated further apart. Carrier separation prior to their localization is induced 
by the in-plane component of electric field. This field results from the nanofaceted 
shape of the interface of (202�1) oriented QWs [85], as shown in Fig. 2.7. 

Nonradiative lifetime exhibits two regions as displayed in Fig. 4.6 a. Initially, 
carrier localization isolates carriers from extended defects increasing τnr. After 
reaching x=0.30, the initial rise saturates and turns into decay. Carrier localization no 
longer prevents carriers from reaching nonradiative centers. Indeed, TR-SNOM study 
in paper B reveals statistically significant (r=-0.32) anticorrelation between 
nonradiative lifetimes and FWHM for green-emitting QWs with x=0.33. It is a clear 
indication of the enhanced nonradiative recombination in deep potential minima. 
Remarkably, this picture found for semipolar (202�1) QWs is consistent with that 
reported previously for polar QWs [33, 148]. 
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Figure 4.6. Compositional dependence of radiative and nonradiative lifetimes at room 
temperature (a), and of the nonexponentiality parameter β at 4 and 300K (b) in (202�1) InGaN 
QWs. 
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Chapter 5 

 

5 Inhomogeneous broadening and polarized emission 
 

This section investigates the relation between the inhomogeneous broadening of 
the emission and its polarization properties in InGaN QWs focusing mainly on 
nonpolar m-plane orientation. Linearly polarized emission from these structures is 
beneficial for a number of industrial applications, including but not limited to highly 
efficient gain media for solid-state lasers and back illumination for liquid crystal 
displays [16, 20]. However, polarization is not just a desirable property for device 
fabrication. It also provides valuable insights into electronic structure of a 
semiconductor. Particularly, linearly polarized emission makes it possible to probe 
carrier occupation on and compare transition rates to individual valence subbands. We 
start with explaining origins of polarized emission in semi- and nonpolar InGaN QWs. 
Then, effect of band potential fluctuations on the degree of emission polarization is 
discussed in details. 
 
5.1 Strain-induced modification of electronic bands and polarized interband 
transitions 

In order to describe optical polarization of the interband transitions, we need first 
to review the symmetry properties of states in the involved electronic bands. For 
InGaN, it is sufficient to consider the bottom of the conduction band and the three 
topmost subbands in the valence band. At the center of Brillouin zone, conduction 
band states have s-type symmetry, while the valence subbands are composed of p-type 
atomic orbitals. In bulk material, the subbands have symmetry 𝛤𝛤9, 𝛤𝛤7

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢, 𝛤𝛤7𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢𝑢𝑢 
[151] and are commonly referred as heavy hole (HH), light hole (LH) and split-off 
hole (CH) subbands, respectively. S-symmetry of the conduction band implies that 
polarization state of a photon emitted through recombination of an electron-hole pair 
depends solely on symmetry property of the state occupied by a hole. For the sake of 
convenience, we further introduce the labels x,y,z, which denote an orthogonal basis 
in the considered crystal orientation, and for the polar case coincide with a- [112�0], 
m- [101�0], and c- [0001] axes, respectively. Wavefunctions of the states in HH and 

LH bands present an equal mixture of px and py atomic orbitals of the type X iY±

due to isotropy in c-plane, while the states in CH band are composed of pz orbitals and 

their wavefunctions have Z  type (Fig. 1 a). 
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The growth of InGaN layer on orientation different from polar breaks the crystal 
isotropy in the growth plane, and mechanical strain experienced by the layer becomes 
anisotropic. The exact modification of electronic bands by strain depends on the 
geometry of a certain crystallographic orientation. The following discussion is valid 
for growth planes inclined from the c-plane by 𝜃𝜃 > 65°, including nonpolar ((101�0), 
(112�0)) and high inclination semipolar ((202�1), (303�1), etc.) InGaN layers [153, 

154]. Strain breaks the originally equal mixture of px and py orbitals, and X iY±  

states of HH and LH bands change symmetry, becoming dominantly X  and Y

-like, respectively (Fig. 5.1 a). At the same time, the in-plane compression along 
x-axis results in crystal expansion in the orthogonal direction, i.e. along y-axis, which 
shifts LH band lower in energy than CH band. As a result, the new subband 

arrangement becomes: X -symmetric modified HH band as a ground subband, 

followed by Z -like CH subband and Y -like modified LH subband; separation 

between the two topmost VBLs increases as compared to the bulk crystal. Further 
modification of the valence band states in a quantum well appears due to confinement 
effects; QW levels, however, originate from the bulk crystal subbands and band 
calculations show [19, 48] that the two topmost levels remain the modified HH and 
CH bands. We further denote these two levels as the 1st and the 2nd VBLs, 
respectively. 

Spontaneous emission is proportional to the quantum mechanical dipole moment 
between electron and hole states. According to the correspondence principle [155], 
this quantum mechanical dipole can be described in terms of a classical oscillating 
dipole, oriented parallel to the direction of the hole p-orbital. Its electric field has a 
toroidal shape with the dipole moment on the axis. Schematics in Fig. 5.2 b 

 
Figure 5.1. Spherical representation of the two topmost valence subbands in a strained InGaN 
layer grown in the polar (0001) and m-plane (101�0) orientation (adapted from Ref. [19]) (a). 
Part (b) shows the growth plane projection of the radiation pattern of a single dipole, 
indicating the electric E and magnetic B fields for different orientations of the wavevector k. 
The radiated intensity I(α)~cos2α (adapted from Ref. [152]). 
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demonstrates electric and magnetic fields orientation for radiation with a wavevector 

k; the radiating electric field is mainly parallel to the a-axis for the ground CB X→  

transition, and to the c-axis – for the second lowest energy transition CB Z→ . 

A commonly used parameter to characterize the optical polarization of the emission 
is the degree of linear polarization (DLP). It is defined as  

/ /

/ /

,E c E c

E c E c

I IDLP
I I

⊥

⊥

−
=

+
 (5-1) 

where IE⊥c/IE∥c are intensities of the emission polarized in direction 
perpendicular/parallel to projection of the crystal c-axis on the growth plane. 

This quantity is connected to the parameters of the valence band structure via rates 

of spontaneous emission ( )pol
pol speI R dε ε

+∞

−∞

= ∫ . The rate of spontaneous emission at 

energy ε with a certain polarization pol is expressed according to Fermi’s golden rule 
as: 

2

1 , ,( ) (0) ( ) ( , ) ( ) 1 ( , ) ,pol pol
spe kl k F CB l F VB

kl
R R M dE E f E E E f E Eε ε ρ ε ε ρ  = + + × − ∑ ∫



 (5-2) 

where 𝑀𝑀𝑘𝑘𝑙𝑙
𝑢𝑢𝑙𝑙𝑙𝑙(𝟐𝟐) is the matrix element of transition with polarization pol at Γ-point 

between levels k in CB and l in VB, E is energy of a hole, 𝜌𝜌𝑘𝑘 , 𝜌𝜌𝑙𝑙  – individual DOS in 
CB and VB, respective, state occupation statistics f(E,EF,CB/VB) is given by Eq. (2-10), 
and R0 –constant coefficient, same for different interband transitions [48]. 

In the parabolic band approximation, it is more convenient to use an alternative 
notation, including summation over the interband transitions: 

2

1 , , ,( ) (0) ( ) ( , ) 1 ( , ) ,pol pol
spe i i g i e F CB h F VB

i
R R M g E f E E f E Eε ε ε ′  = − − ∑


 (5-3)  

where ( )ig ε  – is joint density of states (JDOS) of the i-th transition defined by Eq. 

(4-2); R1 – constant coefficient; , , ,g i CB i VB iE E E′ = − ; and Ee,h are electron and hole 

energies: 
*

, , , *
,

( ) i
e i CB i g i

CB i

E E E
m
µε ′= + − , 

*

, , , *
,

( ) i
h i VB i g i

VB i

E E E
m
µε ′= − − ; 

The analytical expression for DLP can be derived for a QW with homogeneous 
electronic subbands, assuming low carrier injection (n,p<1012 cm-2), corresponding to 
the Boltzmann occupation regime. It is sufficiently accurate for this purpose to 
consider a simplified three-level system keeping only two transitions: from the ground 
CB level to the 1st and 2nd VBLs. DLP in this approximation is defined by symmetry 
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properties of the uppermost valence subbands A, B and their respective occupation 
with holes. Using Eqs. (5-1) and (5-3), the spectrally-integrated DLP is expressed as: 

1

B

B

E
k T

A A B B A B
E

A B k T

P I P I P P eDLP
I I

e

β

β

∆
−

∆
−

− −
≈ =

+
+

. (5-4) 

Here, E∆ is the splitting between the A and B subband levels, PA,B describes purity of 
p-orbital character of A(B) valence subbands, which defines DLP of the interband 

transitions ( )CB A B→ , and β is a composite parameter including the ratio between 

matrix elements of transitions to the considered VB levels, and the ratio between their 
JDOSs: 

2 2
* *

2 2* *
,

(0) (0)
1

(0) (0)
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M ME
kT EM M

µ µβ
µ µ

 ∆
= + ≅  ′+ 

 

  . (5-5) 

Eqs. (5-4) – (5-5) show that DLP of the overall emission depends on 1) symmetry 
properties of states in the two uppermost valence subbands, 2) splitting between these 
subband levels, and 3) difference in their densities of states, or, equivalently, 
difference in hole effective masses in the uppermost valence subbands. The splitting 
between the 1st and the 2nd VBLs increases with the strain in nonpolar and high 
inclination semipolar InGaN [153, 154, 156], thus an increase of In content in these 
structures leads to QW emission with higher DLP (Fig. 5.2).  

Theoretical studies of polarized PL from InGaN QWs provided a significant 
underestimation of DLP [19, 48, 156], as compared to the experimental findings [18, 
19, 48, 153, 157-161]. Fig. 5.2 summarizes some of the reported DLP values 
measured in PL or EL experiments in comparison to a typical calculation result. For 
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Figure 5.2. The reported experimental values of RT DLP in comparison with the theoretical 
calculations neglecting (dashed line) and involving (solid) the effect of VBL broadening on 
their respective population with holes (adapted from Ref. [48]). 
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m-plane InGaN QWs, theoretical predictions underestimate the real values by almost 
30%. At the same time, the measured splitting between valence subbands, determined 
as separation between peak positions for orthogonally polarized spectra, exceeds the 
calculated values by 2-3 times (Fig. 5.5). The situation is even more complex in 
semipolar (202�1)  and (202�1�)  InGaN QWs, which exhibit very different 
polarization properties despite having almost identical band structure according to k∙p 
theory. The discrepancy between calculations and experiment has been previously 
attributed to uncertainty in the input parameters of band structure, particularly of 
deformation potentials [19]. At the same time, the effect of inhomogeneous 
broadening on polarized PL has been largely overlooked in those works. The study 
reported in paper E investigates its influence on DLP in m-plane InGaN QWs, and 
shows that considering inhomogeneous nature of band potentials resolves the 
discussed discrepancy. 
 
5.2 Band potential fluctuations and DLP 

As was demonstrated in Chapter 4, inhomogeneous broadening has a profound 
influence on both emission spectra and carrier dynamics in InGaN layers. It is 
especially strong in nonpolar InGaN QWs, where room temperature emission is 
governed by hole localization in ~100 meV deep potential minima [19, 46, 162]. On 
the other hand, theoretical understanding of the effect that it has on the optical 
polarization has started developing only recently. At the moment, there is no 
consensus; while some works predict no significant effect [34], others emphasize that 
neglecting inhomogeneous broadening in earlier studies led to the observed 
discrepancy between calculation predictions and experiment [48]. 

Impact of band potential fluctuations on polarized emission may be largely 
separated into two components. First, some of the factors causing potential 
fluctuations may also induce change in symmetry properties of the affected states. 
Among those are cation quantum dot-like clustering [163-165] and local strain 
relaxation [46], particularly occurring in the vicinity of extended defects [25]. Second, 
DOS of inhomogeneous structure is modified due to introduction of band tail states, 
affecting the respective hole population of the valence subbands and, consequently, 
DLP of the total emission. 

 

5.2.1 Symmetry properties of localized states  
In the first place, the question must be resolved if symmetry of electronic states is 

altered in deep localized sites. Previous report related localization centers in m-plane 
InGaN to areas with strain-relaxation [46]. That result, as well as other studies of 
optical polarization in InGaN QWs reported so far, relied on data obtained in the 
far-field. The explicit solution to the question requires tracing changes in optical 
polarization on the scales, at which potential fluctuations occur. For this purpose, the 
described in Chapter 3 polarization-resolving mode of SNOM was employed. 

Scans of 10x10 um area with 100 nm resolution revealed very uniform distribution 
of DLP (Fig. 5.3), showing that artifacts of crystal structure, emerging as pyramidal 
hillocks in the on-axis samples, or striation features – upon a standard miscut, have a 
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minor impact on the optical polarization. Thus, contrary to the previous expectations 
[166], substrate miscut in m-plane InGaN QWs has no decisive effect on the polarized 
emission. 

Direct assessment of the DLP variations on the finest scale, at which potential 
fluctuations occur, would require resolution of 1-10 nm, which is far beyond the 
practically achievable values for aperture SNOM technique. Among the major 
limiting factors are 1) dramatically reduced throughput of excitation power for 
sufficiently small apertures (10-12 for 10 nm aperture diameter [100]), and 2) 
out-diffusion of the generated carrier pairs from the excitation volume discussed 
further in Chapter 6. Nevertheless, information about nanoscale fluctuations can be 
obtained with the help of statistical analysis of SNOM scans. To do that, NF spectra 
were deconvoluted into individual constituents and their parameters were plotted as 
separate maps. Details of the deconvolution procedure are described in paper E. This 
approach allows to exclude the effect of carrier population and focus solely on the 
properties of the highest VBL (Fig. 5.4). Each pixel of the SNOM maps contains 
contributions from multiple localized sites covered by the probe aperture (Fig. 5.4 c). 
Linewidth of the ground transitions with E⊥c polarization then reflects the 
probe-averaged amplitude of nanoscale potential fluctuations in the highest VBL, and 
its DLP – purity of p-orbital character of this subband. Then, relaxed symmetry in 
deep localized states would manifest itself through the anticorrelation between the 
averaged over the probe area DLP and PL linewidth. The opposite correlation (r=0.4) 
observed in the experiment, along with a stark contrast between high spatial 
uniformity of DLP (2% standard deviation) and large fluctuations of inhomogeneous 

 
Figure 5.3. SNOM maps of surface morphology (a), peak WL of E⊥c polarized PL (b) and 
DLP (c) for the on-axis In0.18Ga0.82N QW. Part (d) shows sample NF PL spectra at E⊥c and 
E∥c polarization in positions indicated in part (c). 
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broadening (23%), indicate that optical polarization is insensitive to the presence of 
deep localization sites. Furthermore, DLP values of transitions to the ground VBL, 
~0.92, are close to the theoretically predicted for m-plane InGaN [19, 48, 167]. 

The overall conclusion is that nanoscale variations do not affect symmetry of the 
valence subbands in m-plane InGaN. Localized states retain symmetry of the ideal 
bands, assigning origin of the nanoscale band fluctuations to the compositional 
variations of the alloy. 

Thus, the impact of potential fluctuations is restricted to modification of the 
respective population of the valence subbands. It is distorted from that in a 
homogeneous QW due to presence of band tails in JDOS. To account for this, JDOS 
of a homogeneous QW in Eq. (5-3) must be replaced by Eq. (4-2). The discrepancy of 
the measured separation between the occupied energy states in the two uppermost 
VBLs with the theoretically predicted splitting between them increases with the 
magnitude of VBL fluctuations. This can be well explained involving the effective 
broadening formalism and assuming smaller inhomogeneous broadening of the 2nd 
VBL compared to the 1st. The difference is quantified in the next section. In the 
present context, it is important that the separation between occupied energy states in 
the two VBLs becomes a function of the broadening magnitude. The resulting 
effective splitting between them may significantly exceed that between the actual 

 

Figure 5.4. Map of the DLP for transitions to the ground VBL (a) and correlation between 
maps of the DLP and the inhomogeneous broadening σinh of these transitions (b) in the miscut 
m-plane In0.15Ga0.75N QW. Inhomogeneous broadening parameter σinh predominantly reflects 
the probe averaged magnitude of potential fluctuations in the 1st VBL. Part (c) shows 
schematic of the nanoscale potential fluctuations in the uppermost VBL as reflected in a 
SNOM scan. Symmetry relaxation in deep localized states Pdeep<Pshallow would result in lower 
probe-averaged DLP in the pixel with smaller amplitude of band fluctuations.  
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bands, agreeing with the experimental values (Fig. 5.5 a). Consequently, population of 
the 2nd VBL becomes lower, and DLP – higher, than for the flat bands. A similar 
approach has been used in Ref. [48] complementing the standard 8 band k∙p 
calculations; the resulting DLP curves considering and omitting inhomogeneous 
broadening effects are displayed in Fig. 5.2. 
 

5.2.2 Effective inhomogeneous broadening of the valence subbands 
The impact of potential fluctuations on localization of holes in the 2nd VBL is often 

assumed identical to that in the 1st with no solid reasoning behind. The experimental 
results presented in paper E point at a significant difference in magnitudes of the 
effective broadening for these VBLs.  

First, the correlation between DLP and PL peak wavelength is unexpectedly weak, 
with the Pearson product-moment correlation coefficient r<0.25. Since DLP is 
determined solely by population of the valence subbands, one could expect that 
locally higher In composition would increase the splitting between the 1st and the 2nd 
VBLs and, consequently, the local value of DLP, resulting in a strong positive 
correlation. However, this would only be true for similar potential landscapes of the 
considered VBLs. Landscape of the effective potential differs from the original both 
in shape and magnitude of fluctuations; the local separation would thus depend not 
only on the separation between the actual bands, but also on the length over which the 
potential is averaged as well as on its local configuration. Second, the mentioned 
above PL broadening-dependent valence band splitting suggests that it is the 2nd VBL 
that should have smaller effective broadening. To model the situation, we generated 
1D potential profiles with random 1-10 nm size fluctuations, and calculated the 
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Figure 5.5. Summary of the reported DLP values as a function of the effective valence band 
splitting ΔE. Solid line denotes theoretical values calculated using Eq. (5-4) with β=1, as 
described in the supplemental material to paper E. [168] 
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correlation between the interlevel separation and position of the 1st VBL averaged 
over 100 nm area. This correlation reflects the same physical situation as the 
correlation between the measured probe-averaged values of DLP and peak 
wavelength. Details of the model can be found in paper E. Its schematic, along with 
the calculated phase diagram demonstrating the correlation coefficient r as a function 
of the hole spread ratio (L2/L1) and inhomogeneous broadening of the 1st VBL (σinh), 
are presented in Fig. 5.6. 

The diagram allows quantifying the associated difference in hole effective masses 
on the subbands. The correlation coefficient remains -1 for equal hole spread 
independently of the magnitude of fluctuations, but decreases rapidly as localization 
length of the 2nd VBL holes rises. For σinh =75 meV, the experimentally determined 
correlation (r=-0.23) is achieved at localization length ratio of 7, implying same ratio 
of hole effective masses in the two subbands. This result is in a stark contrast with 
previous reports on valence band structure of m-plane InGaN QW. Particularly, the 
hole mass ratio of 0.9 has been reported in [48, 167]. On the other hand, the proposed 
smoothening of the 2nd VBL landscape allows explaining the abnormal temperature 
dependence of the far-field DLP presented in Fig. 5.7. The increase at low to 
intermediate (200 K) temperatures results from the nonthermal occupation of the 2nd 
VBL, that is possible in locations where energy of the 2nd VBL exceeds that of the 1st 
(inset to Fig. 5.6 a). The following quenching of DLP above 200 K is induced by the 
thermal population of the 2nd VBL and can be well described by Eq. (5-4). Finally, 
our interpretation is supported by the recently reported PLE measurements of 
electronic DOS, which revealed different widths of band tails for the subbands A and 
B, as indicated by spectra of E⊥c and E∥c -polarized absorption, respectively (Fig. 
5.7 b) [169]. 

 
Figure 5.6. Real and effective (for 2nd VBL) potential fluctuations for a small 2nd level hole 
effective mass (a). Dash-dot lines indicate probe-averaged energies of the VBLs. Part (b) 
shows the calculated correlation between the probe averaged energy of the 1st VBL (𝐸𝐸1���) and 
interlevel energy (∆𝐸𝐸12������) as a function of the hole spread ration in the 2nd and 1st VBLs (L2/L1) 
and inhomogeneous broadening of the 1st VBL (σinh) 
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A different picture is found for the semipolar (202�1�) InGaN QW in paper F. DLP 
temperature dependence could be fitted by Eq. (5-4) with the interlevel separation of 
32 meV, matching well with theoretical predictions for this plane. The result suggests 
similar broadening of the 1st and 2nd VBLs for this semipolar plane.  
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Figure 5.7. Temperature evolution of the far-field DLP in the m-plane In0.15Ga0.85N QWs with 
on-axis and miscut crystallographic orientations (a). The solid line is given by Eq. (5-4) with 
β=1 and valence band splitting ΔE12=87 meV. Part (b) shows DOS of the A and B valence 
subbands in the m-plane In0.18G0.82aN QW obtained by polarized PLE in Ref. [169]. The 
steeper slope for the E∥c polarized low energy absorption tail (red line) indicates that the 
effective broadening of subband B is smaller than that of the subband A (E⊥c polarized curve 
– blue line).  
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Chapter 6 
 

6 Nanoscale carrier transport in InGaN QWs 
The importance of lateral carrier diffusion in InGaN QWs follows from several 

aspects. First, it helps equalizing the lateral distribution of carriers in case of 
nonuniform injection [170]. Second, it may aid carriers to reach defects fostering 
nonradiative recombination [33]. In undoped QWs, used in the active region of light 
emitting devices, the transport is predominantly ambipolar. It is limited by hole 
diffusion, as holes are generally less mobile due to their larger effective mass and 
their strong localization at nanoscale band potential minima, as discussed in papers A, 
B, E. Thus, to learn about the lateral carrier diffusion in QWs, hole or ambipolar 
transport should be studied. Electrical techniques of measuring the hole transport 
require high doping levels. Doping of GaN is known to strongly increase the impurity 
scattering, hence the measurement results might not be representative for undoped 
QWs [171]. 

Optical detection of carrier motion includes time-of-flight, transient grating and 
various luminescence techniques. The time interval between excitation and carrier 
arrival to a specific marker region, e.g lower bandgap area, is measured in the 
time-of-flight technique [172]. In transient grating method, the transient carrier 
density is induced by an interference field of the two-beam excitation [173]. The 
kinetics of the resulting transient transmission simultaneously reflects carrier 
recombination and transport across the grating pattern, and measurements at different 
grating periods allow discriminating between them. The method, however, implies 
assumption on the function of the temporal evolution of the transient adsorption and 
cannot take into account the spatial inhomogeneity of recombination rates important 
in the case of III-nitrides. In the far-field luminescence experiments, lateral carrier 
transport is evaluated by increase of the luminescing area with respect to the 
excitation spot [174, 175]. This apparently simple method, however, has a limited 
applicability for detecting weak carrier transport. The minimum size of a focused spot 
is about 1 μm due to diffraction limit, and the excitation power profile of the 
illuminated area is not uniform, but has the shape of a Gaussian. For diffusion lengths 
about 100 nm, the luminescing spot is barely larger than the exciting, and direct 
comparison of their profiles is hardly possible. The resolution limit of this technique 
is overcome in the two-probe near-filed optical microscopy [176]. One fiber probe is 
kept static and used for continuous carrier photoexcitation, while another scans area in 
the vicinity of the excitation detecting luminescence emitted by the diffused carriers. 
This approach allows the most straightforward measurement of the lateral carrier 
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transport. However, the technique becomes complicated when measuring sub-micron 
diffusion lengths, as NF probes are thick away from their tips and start interacting 
through optical near-fields when approached close to each other [43]. 
6.1 Multimode SNOM for measurement of ambipolar diffusion  

An alternative method is to compare NF PL intensity maps of a single probe 
SNOM taken in illumination-collection (IC-map) and in the illumination (I-map) 
modes. Sharp features of the IC-map are broadened in the I-map due to carrier 
transport from the excitation region. This broadening has previously been directly 
assigned to the diffusion length [109, 119]. Such interpretation, however, is 
fundamentally wrong, as the excitation volume is not static but moves sequentially 
during the scan. In paper G, the accurate interpretation of the 
diffusion-recombination process in multi-mode SNOM measurements is presented 
and the physical model is developed to extract parameters of anisotropic diffusion 
from the recorded intensity maps. 

The signal collected in I mode includes radiative recombination of all photoexcited 
electron-hole pairs with no regard to their lateral position. Thus, it reflects radiative 
rate averaged over the diffusion area, and the effect of carrier transport is limited to 
spreading carriers over regions with different radiative rates. On the contrary, the 
radiative events occurring only directly under the probe aperture can be detected in IC 
mode. This recorded signal depends not only on the local recombination rates, but 
also on the speed of carrier transport from the excitation spot, i.e. on carrier diffusion. 
This is schematically shown on Fig. 6.1. Providing that photoexcitation cross section 
is uniform, spatial variations of PL intensity appear as interplay between the carrier 
transport, and variations in the local radiative and nonradiative lifetimes. 

During the scan, the excitation volume moves sequentially from pixel to pixel, and 

 
Figure 6.1. Schematics of carrier out-diffusion from under the probe: radiative recombination 
of 1 – carriers within the photoexcitation volume collected in IC mode, 2 – carriers diffused 
outside the excitation volume and detected in I mode, 3 – radiative events escaping detection. 
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each pixel of the resulting maps implicitly embeds information about the local 
diffusion profile. The observed in I-map broadening of certain sharp features seen in 
the IC-map is manifestation of the nonuniform radiative and nonradiative rates within 
the diffusion distance of each of the involved pixels of the scan.  Moreover, since 
pulsed photoexcitation is required to obtain distribution of radiative and nonradiative 
recombination rates, the measured PL intensity is a time integral of many individual 
transients. The probed diffusion profile at each pixel becomes a cumulative 
time-integrated curve, and its shape differs from the multimodal Gaussian expected 
for the steady state situation as carriers out-diffuse from the excitation area in the 
continuously decreasing amounts. 

The effect of carrier diffusion on broadening of PL features in the SNOM scans can 
be illustrated on a simplified example of a square bump in the otherwise uniform PL 
lifetimes (Fig. 6.2). This variation may be caused by both radiative and nonradiative 
lifetime components, so let us consider only two extreme cases. First, the bump is in 
τrad(x) and τnr is constant corresponding to, e.g., locally enhanced overlap of electron 
and hole wavefunctions and uniform density of point defects (upper row in Fig. 6.2). 
Second, the bump is in τnr(x) and τrad is constant, appearing, for instance, at local 
aggregation of point defects (lower row in Fig. 6.2). Both situations are equivalent 
regarding PL lifetime and, consequently, profile of carrier diffusion, because only 
decay rate of carrier density is important with no regard if it is accompanied by 
photon emission or not. However, since only radiative recombination events 
contribute to the measured PL intensity, exactly the same carrier diffusion profile has 
totally different manifestation in PL intensity maps in these two situations. Therefore, 
distinguishing between the local recombination components is crucial for correct 
interpretation of the broadening observed in the experiment. It is performed following 
the procedure described in Section 3.3. 

For a single exponential PL decay, diffusion-recombination problem in 2D can be 
expressed in the principal axes of the diffusion profile as:  

2 2

2 2

( , , ) ( , , ) ( , , ) ( , , )
( , )x y

PL

N x y t N x y t N x y t N x y tD D
t x y x yτ

∂ ∂ ∂
= + −

∂ ∂ ∂
. (6-1) 

Generally, this coordinate system does not coincide with the scanning directions, but 
inclined from them by the angle θ. Recombination of the diffusing carriers generates 
PL intensity with a time-cumulative profile: 

0

( , )( , ) ( , , )
( , ) ( , )

rad

rad nr

x yI x y N x y t dt
x y x y
τ

τ τ

+∞

=
+ ∫ . (6-2) 

It describes the probed spread of PL intensity from an excitation spot (that is 100 nm 
in diameter) and can be used to construct maps of PL intensity in IC- and I- modes. 
Each pixel (i,j) of an intensity map is attributed the unique “intensity spread” profile 
Iij(x,y) determined by the local environment of carrier lifetimes and the set of 
diffusion parameters (Dx,Dy,θ) same for the whole map. The calculated intensity map 
in IC-mode consists of values within the central pixels of these profiles Iij(0,0), while 

in I-mode – of their spatial integrals ( , )ijI x y dxdy∫∫ . The diffusion parameters are 
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found by minimizing the difference G(Dx,Dy,θ) between the calculated ,I IC
ijC and 

experimental ,I IC
ijE  intensity maps: 

( ) ( ) ( )2 2
, , I I IC IC

x y ij ij ij ij
ij

G D D C E C Eθ  = − + −  ∑ . (6-3) 

Optimization has been performed using particle swarm algorithm embedded in 
Matlab® toolbox. The optimization routine requires solving Eq. (6-1) with different 
sets of diffusion coefficients about 106 times. Several approximations are made in 
paper G to ensure reasonable computational speed on an ordinary computer. The key 
idea is to discretize the solution into an iterative sequence of the diffusion and the 
recombination problems. 

The maximum error between the  approximated and the exact solutions occurs in 
the central “source” pixel, the overall error stays below 20% for the reasonable set of 
parameters: D =0.01 – 5 cm2/s and τPL=0.1 – 1 ns. 
 

 
Figure 6.2. Broadening of intensity features in the scanning experiment for a square bump in 
the radiative (upper row) and nonradiative (lower row) carrier lifetimes. The solid blue line 
depicts time-integrated profile of carrier diffusion, and the shaded area – radiative 
recombination. The discontinuity in intensity profile in the IC mode has no physical meaning 
and appears as an artifact of the assumed abrupt variation in the radiative rate. Grey boxes 
denote 100 nm wide pixels of a SNOM scan. 
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6.2 Anisotropic diffusion in m-plane InGaN QW 
PL intensity maps recorded in IC and I modes for the m-plane In0.15Ga0.85N QW are 

presented in Fig. 6.3 a,d. Single exponential shape of PL transients allows using the 
formalism presented in the previous section to derive diffusion parameters. The 
optimization problem was solved 8 times, the average values of diffusion coefficients 
in the coordinate system linked to the diffusion principal axes are Dx=1.86±0.15 cm2/s 
and Dy=0.41±0.04 cm2/s, inclined from the horizontal scanning direction by 
θ=-5.2°±1.4°. PL intensity maps calculated from the lifetime maps with the optimized 
diffusion parameters demonstrate an excellent match with the experimental data (Fig. 
6.3 b,e). 

Profile of the ambipolar carrier diffusion is anisotropic and its orientation matches 
with the crystallographic axes. The diffusion coefficient is almost 4 times stronger 
along the a-axis (D⊥c=1.86 cm2/s) than along the c-axis (D∥c=0.41 cm2/s). Since hole 
diffusion governs the ambipolar transport, hole diffusion coefficients can be estimated 
as Dh≈Damb/2: Dh,⊥c≈1.0 cm2/s, Dh,∥c≈0.2 cm2/s. They are related to mobility values 
via Einsten’s relation: μh,⊥c≈40 cm2/s, μh,⊥c≈8 cm2/s. 

The diffusion anisotropy may originate from anisotropy in scattering rates or 
carrier effective masses. The studied sample has high crystalline quality with no 
stacking faults and low TD density ~5∙106 cm-2, making unlikely a strong scattering 
anisotropy.  

On the other hand, significant band dispersion anisotropy near Γ-point has been 
predicted by k∙p calculations in m-plane InGaN [167]. In the ground VBL, the 
calculated hole effective masses along the a-axis is about 5 times smaller (0.38m0) 

 

Figure 6.3. Figure 4. SNOM maps of PL intensity in IC (a) and I (b) modes, as well as their 
counterparts retrieved from the carrier lifetime maps using the optimized diffusion parameters 
(d,e). Parts (c,f) show intensity profiles along the cross-cuts in the maps (d,e), respectively, at 
y=5 μm. 
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than along the c-axis (1.91m0). The influence of effective mass on carrier transport in 
InGaN is dual. Lighter carriers not only have larger mobility value, but also 
experience a smoother effective landscape of potential fluctuations. In the wide (100 
nm) studied QW, the latter has a minor contribution from variations in quantum 
confinement, and hole properties are representative of a strained m-plane InGaN 
material rather than of a particular QW structure. Thus, our result serves as an 
experimental confirmation of the anisotropic hole effective masses in m-plane InGaN 
QW. 

Information on carrier diffusion or mobility coefficients in undoped m-plane 
InGaN or GaN layers is not available in the literature. On the contrary, the reported 
results on carrier transport in c-plane InGaN QWs include both electrical and optical 
measurements but vary by five orders of magnitude. Due to strong dependence of hole 
mobility on a doping level, the mobility values from electrical measurements have 
been found in the range 1 – 25 cm2/Vs, corresponding to hole diffusion coefficients 
0.05 – 1.2 cm2/s [177, 178]. An extremely high Damb=3000 cm2/s has been reported in 
the differential transmission measurement [179]. Damb=0.25 cm2/s has been found for 
the narrow (3 nm) In0.26Ga0.74N QW by confocal excitation and scanned PL collection 
[172]. The result close to our finding along the a-axis, Damb=2.1 cm2/s, has been 
obtained by four-wave mixing for In0.15Ga0.85N epilayer [180]. 

The reported transport studies in m-plain materials are restricted to Hall 
measurement of hole mobility in Mg-doped GaN [171]. Comparison with our values 
provides interesting results. First, the previous study detected no transport anisotropy, 
which can be explained in terms of similar population of the two uppermost valence 
subbands. The effective masses of these two subbands have opposite anisotropy, and 
the splitting between them is only ~10 meV in unstrained GaN. Thus, the transport of 
a nearly equal mixture of holes in different subbands is measured at room temperature, 
and the effects of the two anisotropies cancel each other out. Second, the obtained 
mobility value of 25 cm2/Vs is nearly twice smaller than our result along a-axis 
despite of absence of potential fluctuations in GaN. This indicates that impurity 
scattering has a stronger impact on carrier transport than the localization in almost 90 
meV deep potential minima. 
 

  



53 
 

 
 
 
 
 

Chapter 7 
 

7 Conclusions and future work 
This dissertation has been devoted to the investigation of carrier localization and 

its impact on the different aspects of light generation in the promising nonpolar 
(101�0) and semipolar (202�1) InGaN QWs with high indium contents. The spatial 
variation of optical parameters have been studied beyond the standard approaches by 
developing and employing time-, and polarization-resolved, as well as multimode 
SNOM setups complemented with conventional ultrafast optical measurements. The 
work has provided new insights into the mechanisms governing recombination 
process in InGaN QWs, and established interrelation between them. The main results 
are summarized below: 
 
7.1 Conclusions 

(i) The TR-SNOM mapping of the radiative and nonradiative lifetimes has 
demonstrated that steep nonplanarity of the QW interfaces even in a wide 
m-plane InGaN QW can enhance electron localization by making it more 
susceptible to the local compositional fluctuations (paper A). Analogous 
study on the set of (202�1) In0.33Ga0.67N QWs with varying well widths 
has distinguished the impact of compositional and structural variations on 
the emission properties (paper B). It has shown that compositional 
fluctuations is the major source of PL broadening in these QWs, while 
variations of the QW interface are responsible for the spatially nonuniform 
recombination rates. 

(ii) The compositional dependence of the alloy fluctuations and the associated 
impact on recombination dynamics in (202�1) QWs has been studied by 
means of SNOM and conventional TRPL in papers C and D, respectively. 
The random alloy disorder governs the inhomogeneous potential landscape 
at x<0.11; magnitude of the nanoscopic variations in alloy composition 
increases linearly with In content becoming comparable at x=0.35. Also, 
compositional fluctuations  become increasingly separated prohibiting 
carrier transfer between them. As a result, the field assisted separate 
localization of electrons and holes causes sharp reduction in the radiative 
rates with IQE dropping below 20%.   

(iii) Polarization-resolved SNOM study of the wide m-plane InGaN QWs in 
paper E has demonstrated that localized states retain symmetry properties 
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of the homogeneous electronic bands. Thus, the origin of large, 70-100 
meV in magnitude, potential fluctuations has been unambiguously 
attributed to the variations of alloy composition on the scale of 1-10 nm. 
The substrate miscut was shown to provide no decisive enhancement of 
optical polarization with respect to the on-axis QWs. The study has also 
revealed an unexpectedly large difference in the effective broadening of 
the two uppermost valence subbands, pointing at 6-7 times smaller hole 
effective mass in the second highest valence subband compared to the 
uppermost. On the contrary, similar broadening of the valence subbands 
has been deduced for the (202�1�) QW in paper F.  

(iv) Ambipolar lateral transport on the subwavelength scale has been measured 
using time-resolved dual-mode SNOM in the miscut m-plane QW in 
paper G. Hole diffusion has been found anisotropic and oriented along the 
crystallographic axes: D⊥c=1.0 cm2/s, D∥c=0.2 cm2/s. The result serves as 
an experimental confirmation of the anisotropic valence band dispersion 
predicted in Ref. [167]. Moreover, comparison with the reported results of 
the electrical measurements in the p-doped GaN showed that impurity 
scattering has a stronger impact on the carrier transport than even 90 meV 
high barriers of the spatially inhomogeneous potential landscape. 

 
7.2 Future work 

The presented work has employed the minimum of capabilities the developed 
SNOM configurations could provide. The following measurements might cast light on 
the generally deduced but yet not directly observed effects. 

(i) The evolution of the relation between carrier localization and extended 
defects can be resolved by a combination of time- and polarization- 
resolved modes of SNOM operation. Location of extended defects can be 
detected by a significant local reduction of optical polarization in the 
otherwise very uniform map. Then nonradiative lifetime values in the 
vicinity of such spots would clarify the efficiency of carrier transfer 
toward NR centers. 

(ii) Polarization-resolved detection in IC-mode could be implemented by using 
bended SNOM probes prepared from a single-mode fiber. This would 
allow assessing transport properties of holes individually in the two 
topmost valence subbands. 

(iii) Different hole effective masses in the uppermost valence subbands would 
result in proportionally different effective magnitude of potential 
fluctuations between them. These magnitudes can be obtained from 
extension of the band tail in spectra of polarized absorption, obtained, e.g. 
in photoluminescence excitation measurement. Larger magnitude of band 
potential fluctuations in the 2nd VBL than in the 1st would decrease the 
average valence band splitting and explain the unexpectedly low DLP of 
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(202�1) as compared to (202�1�) InGaN QWs.  

(iv) Different quality of the upper and lower interfaces has been noticed in 
semipolar InGaN layers. This might affect the magnitude of potential 
fluctuations in the valence subbands determining their respective 
population, and be specifically important in QW structures grown with 
opposite polarity, e.g. for (202�1)  and (202�1�)  orientations. A bias 
dependent PL experiment would allow inverting the built-in polarity of a 
certain QW and comparing its PL properties with those of the symmetrical 
counterpart.  
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