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INTRODUCTION

Light technologies play a very important role in our everyday life: general
lighting, indicators on various electronic devices, remote controls, blue, red,
and infrared lasers in the corresponding BLU-RAY, DVD, and CD drives,
various sensors, displays, automotive lighting and so on. Most of these
technologies are well developed, however it took more than a hundred years
and several technological breakthroughs to get to the current state. Not
surprisingly, to this day the researchers and developers are still pushing the
limits to pursue better efficiency and quality in light technologies, which is
particularly driven by environmental and power usage concerns.

Since the application of the Thomas Edison’s patent in 1879, incandescent
light bulbs were one of the main lighting sources, which although are cheap,
but very inefficient, with less than 5% of electrical power being converted to
light and only up to 19 Im/W luminous efficacy. Nowadays the market share
for incandescent light bulbs (including halogen lamps) has dropped
drastically, with many countries already prohibiting their use in general
lighting (a.k.a. phase-out of incandescent light bulbs [1]). This is perfectly
understandable with much better alternatives present.

One of them is fluorescent light sources, developed in 1938. With wall-
plug efficiencies reaching 40% (and more) and typically having 60 Im/W, they
come as very attractive, especially when used in commercial areas, such as
shopping malls and offices. However certain limitations apply, with one of the
main being the fact that an ultraviolet light conversion in the fluorescent
coating has to take place, where photons with ~5.5 eV energies are converted
to ~2.5 eV photons that correspond to visible light. This Stokes shift means
that only up to 45% of UV energy can be used with the rest being dissipated
as heat [2]. Further losses in modern lamps are introduced via a smaller than
90% quantum efficiency of conversion in the fluorescent coating. In addition
to this, the higher initial cost if compared to incandescent lamps (higher
complexity and more electrical components are needed), faster aging due to
frequent switching, warm up time, health and safety concerns due to mercury
gas, disposal and dimming issues, prevent this technology from standing out
as superb.

In terms of luminous efficacy, sodium-vapor lamps (developed in 1965)
surpass the above mentioned light sources by having up to 200 Im/W.
Although they are among the most efficient light sources, the emitted narrow
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spectrum which is near the peak sensitivity to human eye (555 nm [3]) gives
poor color rendering indexes (CRI), meaning that colors of objects appear
different from those when illuminated by natural light. Therefore this lighting
technology is mainly used for outdoors (e.g. street lighting), where the best
visibility at the lowest cost is the main priority.

This is where the solid state lighting technology steps in, with the first red
light emitting diode (LED) developed in 1962 by Nick Holonyak. With no
strict theoretical limitations to reach nearly 100% internal quantum efficiency,
ease of exceeding 100 Im/W [4] (LED maker Cree has even managed to reach
303 Im/W at room temperature in 2014 [5]) and far less issues if compared to
other lighting sources, LEDs possess a high potential to take over the market.
With red, yellow and green LEDs made from semiconductor materials such
as GaAsP, AlGalnP, and blue, green, and yellow LEDs from InGaN, the entire
visible spectrum can be covered, providing broad possibilities: general or
automotive lighting, color displays for TVs and smart phones, projectors, light
sources with adaptive spectra for optimal color rendition [6] or plant growth,
etc. The global LED lighting market was estimated to be worth nearly 30
billion USD in 2016, with forecasts to double by the year 2022 [7,8].

The main material for blue light emission — InGaN — is currently under
intensive studies conducted by many researchers from all over the world. Not
only it is efficient and widely used for blue, green and white (by using light
conversion in phosphors, such as yellow YAG:Ce*") LEDs, with bandgap
engineering it can theoretically cover the whole visible spectrum all by itself.
The latter can be achieved with varying the ratio between InN and GaN in the
compound. However, compounds with high InN molar fractions for green
emitters possess low structural quality due to defect formation and have high
internal electric fields, which together result in relatively poor internal
guantum efficiencies (IQEs, ~30% if compared to up to ~90% in blue emitters
[9]), which are even worse when going further into the red spectral part. In the
meantime, in AlGalnP system the increase in the defect density is
accompanied with a transition from a direct bandgap to indirect when
aluminum content increases and peak wavelengths change from red to green
and beyond [10,11]. Combination of these efficiency declines results in the
emission wavelength range (~550-600 nm) where IQEs of LEDs are so low
that it is hard to compete even with incandescent light bulbs, which is the
effect known as the “green gap”.

It is apparent that filling of the “green gap” is essential, and not only in

terms of power saving. It could unlock a full potential of solid state lighting,
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which can only be exploited by color mixing approaches without phosphor-
based conversion [12]. Furthermore, it would allow manufacturing of LED
displays, just like in the OLED (organic LED) display technology, where
much higher contrast ratio and color saturation are achieved if compared to
the now market-dominating LCD (liquid crystal display) technology, where
such limitations arise from the back-light filtering nature. Meanwhile, OLED
displays are expensive and their organic-based pixels decay over time — here
LED-pixel displays could be very competitive. Costs and complexity could be
cut down if formation of red, green and blue emitters could be achieved by
using a single material system, overcoming the difficulties related to the
integration of different materials together. So far, InGaN seems to be the best
candidate for overcoming the “green gap”, and a lot of effort is put into the
search for the ways to improve the material quality.

Unfortunately, there is another issue with InGaN based devices, the so
called droop effect — decrease of efficiency at high current densities. It
becomes very important when talking about high-power light sources — either
the efficiency has to be sacrificed while driving them at high currents, or
multiple chips, operating at lower currents, have to be used to achieve high
photon fluxes, drastically increasing the complexity and the cost of the device.
Mitigating the droop effect is a serious concern, however only multiple
theories exist regarding the cause for it, with Auger recombination currently
leading the way [13], but there are still no clear solutions on how to overcome
it.

It is obvious that finding the ways to deal with the “green gap” and
efficiency droop is necessary to exploit the full potential of solid state lighting
and advance the light technologies further. This process is currently facing a
sort of stagnation, with the occurrence of mainly slight improvements
throughout the last decade. Thus the search for other innovative approaches to
increase the efficiency may be worth the consideration. Either way, the full
knowledge of the processes that occur in InGaN LEDs during the light
emission is needed.

Main goal

The main goal of this work is to get a better understanding of radiative and
non-radiative recombination processes in InGaN quantum structures and to
define the structural and/or material properties that influence them the most

by using the complementary non-destructive optical pump-probe techniques.
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The gathered results are intended to be used for the optimization of an LED
active region for the maximum quantum efficiency and for a better
understanding of the droop effect nature.

Objectives

e  Toevaluate the values of the absolute internal quantum efficiency and
the absorption coefficient in the active layers of InGaN QW (quantum well)
structures. These values are necessary for distinguishing the most efficient
samples and for properly comparing carrier density-dependent processes
between them and the least efficient samples.

e To optically investigate the evolution of carrier dynamics in a large
set of InyGaixN structures under excitations below and above the onset of the
efficiency droop.

e  Tosearch for correlations between the structural parameters, material
properties, and IQE in the In,Ga;xN structures.

e To model the carrier density dependent recombination processes in
order to gain insights into the possible efficiency droop causes.

e To generalize the obtained results and to suggest the guidelines for
the optimization of the active layers of InGaN LEDs.

Scientific novelty and importance

In this work, a lot of attention is given to careful calibration of carrier
density in each sample with its own distinct absorption coefficient. This allows
a more precise comparison of density-dependent processes in InGaN QWSs
when compared to the same procedures but with carrier densities calculated
by using the average absorption coefficient values from the literature. The
latter do not account for the individual properties of the samples.

Room temperature IQEs in QW structures are directly evaluated by
measuring absorption and emission in an integrating sphere, with additionally
considering the absorption in thick underlying layers. Contrary to the
temperature-dependent IQE evaluation, this is a relatively easy technique that
does not rely on assumption that at low temperatures the non-radiative channel
is fully suppressed.

Finding the optimal InGaN LED active layer design is burdened by a large
amount of variables in device fabrication and characterization. A single
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parameter that could be used as a guide to perfecting the LED design would
ease the process. This concept may be possible with the negative correlation
between carrier diffusivity and the quantum efficiency revealed in this work.
Because this tendency is seen among a large number of diverse samples,
diffusivity is suggested as a universal efficiency limiting parameter. The
possibility to reduce the diffusion coefficient by adjusting the well thickness
and modifying the growth procedures looks promising for further
improvements in InGaN LEDs.

Difficulties in defining the unequivocal cause of the droop effect may lie
in the simultaneous occurrence of several mechanisms. Diffusion-driven
defect recombination and Auger recombination are both evidenced by
measurement and modelling results. However, it is suggested that whichever
prevails is determined by localization conditions and the quality of the
material, with Auger having the main role in highly efficient samples. This
may be the answer for why the standard ABC model does not work for poor
quality samples.

Statements presented for defense

e Higher carrier diffusivity in InGaN quantum structures leads to lower
peak IQE. This fundamental limitation arises due to the promoted non-
radiative recombination of delocalized carriers at the defects, evidenced by a
linear decrease of the carrier lifetime with the increasing diffusion coefficient.

e  Carrier diffusivity decreases in narrower InGaN quantum wells due to
increased potential fluctuations originating from well-width fluctuations.
Increased carrier localization reduces the droop onset carrier density and leads
to higher peak IQE by limiting carrier ability to reach the non-radiative
recombination centers.

e Peak IQE of InGaN quantum structures can be enhanced by limiting
carrier diffusivity through an introduction of (i) a superlattice interlayer that
reduces carrier delocalization, (ii) an interrupted growth MOCVD regime that
improves localization conditions through a better atom distribution, and (iii)
temperature ramping right after the QW growth that creates barriers to carrier
diffusion.

e  The dominant cause of the efficiency droop depends on the structure
quality, revealed by the magnitude of the peak IQE value: Auger
recombination was found to be the main non-radiative loss mechanism in
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higher quality InGaN quantum structures, while carrier delocalization and
transport to non-radiative recombination centers was a more important
mechanism in lower quality structures. The approximate boundary
distinguishing these structures can be drawn at peak IQE =~ 20%.

Layout of the thesis

This thesis consists of an introduction, a literature review section, an
experimental section, a results and discussion section, and conclusions.

Literature review section consists of a review of I11-nitride compounds and
their  associated  features, a  brief introduction to carrier
generation/recombination processes in semiconductors, and an overview of
specifics of layered quantum structures.

Experimental section consists of a description of measurement techniques,
equipment, samples under study, and procedures of the quantum efficiency
and the absorption coefficient evaluation.

In the results and discussion section, Chapters 3.1 and 3.2 reveal the
connection between carrier diffusivity and the quantum efficiency, as well as
the benefits of the insertion of a superlattice (SL) interlayer in the MQW
structure. In Chapter 3.3, diffusivity is presented as the main peak IQE
limiting factor which depends on the QW width. In Chapter 3.4, the Stokes
shift is discussed in terms of the carrier localization degree and internal
electric fields. Chapter 3.5 shows how timing in the interrupted growth metal-
organic chemical vapor deposition (MOCVD) regime alters the quality and
localization conditions in the active layers of the structures. Chapter 3.6
reveals the reduction of diffusivity in QWs through the introduction of gross
well-width fluctuations. The limits of the standard ABC model are discussed
in Chapter 3.7, along with peculiarities of the efficiency evolution with
increasing carrier density. Chapter 3.8 describes the general guidelines
obtained in this thesis to achieve the highest peak IQEs in InGaN QWs.

Author’s contribution

Most of the work presented in this thesis was done by the author:
measurements, calculations, data analysis, and graphing.
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1. LITERATURE REVIEW

1.1. Group Il nitrides

1.1.1. lll-nitrides and their emergence

The general name Ill-nitrides stands for the family of direct bandgap
compounds, composed of a group V element nitrogen (N) and at least one of
the elements of the group Il1: aluminum (Al), gallium (Ga) or indium (In).
Hence the base binary compounds are GaN, InN and AIN, which can form
ternary alloys InGaN, AlGaN, InAIN or quaternary alloy InGaAIN. More
exotic compounds formed with boron (B) are also possible [14], however they
are not very common due to the lack of researches and are not used in the
nitride-based LEDs.

Research period of Ill-nitrides spans to as early as 1971, when the first
green LED prototypes based on a metal-insulator-semiconductor junction
were demonstrated [15]. Nonetheless only two decades after the real
breakthrough of IlI-nitrides took place. In 1989, I. Akasaki and H. Amano
successfully developed p-type doping of the inherently n-type GaN by using
Mg as an acceptor impurity and treating the grown layers with low-energy
electron beam irradiation (LEEBI) [16]. In 1991, S. Nakamura from Nichia
lab demonstrated a significant improvement in GaN quality by introducing an
initial low-temperature GaN nucleation (buffer) layer on the substrate, with
growth performed in a novel two-flow MOCVD reactor [17]. In 1992, he and
others showed an improvement of p-type doping by thermal annealing and
explained the mechanism of Mg acceptor passivation [18]. In 1994, blue
emitting InGaN/GaN double heterostructures were fabricated [19]. These
technological advancements paved the way for the era of the extensive
research of Ill-nitrides, continuing up until now. Their significance is
evidenced by the Nobel Prize in physics, given in 2014 to I. Akasaki, H.
Amano, and S. Nakamura “for the invention of efficient blue light-emitting
diodes, which has enabled bright and energy-saving white light sources” [20].

1.1.2. Crystal structure and main properties

I11I-nitrides are mainly grown in hexagonal (wurtzite) (Fig. 1.1(a)) or cubic
(zinc-blende) (Fig. 1.1(b)) structures. The former are more
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thermodynamically stable [21], hence most of the nitride-based devices are in
a such form (all the properties presented later will be related to the materials
in a wurtzite form). Two lattice constants are used to describe wurtzites: c,
which is parallel to the [0001] direction and defines its height, and a, which
is the edge length of a hexagon. A wurtzite crystal can be imagined as two
separate interlocking structures of closely-packed cations and anions, shifted
along the c-axis in the length of u = 3/8c [22]. Such a lattice has a tetrahedral
geometry with sp3 covalent bonding — each atom is bonded to four atoms of
other type, which are located at the vertices of a tetrahedron. This tetrahedron
is asymmetrical, with the -N-Ga- bond along the c-axis being slightly shorter
than the other three, whose bonding angles are smaller than the value of 109.5°
for the ideal tetrahedron [23] (Fig. 1.1(a)). Depending on the arrangement of
atoms, wurtzites can either be cation-faced ([0001] direction) or anion-faced
([0001] direction), though the former are more common due do difficulties in
growing high-quality MOCVD N-faced GaN base layers. The type of the face
defines chemical and mechanical properties of the grown layer [24]. For
instance, nitrogen-faced structures have increased stability of InN at higher
temperatures, meaning that more In can be incorporated in the InGaN alloy
[25]. Meanwhile, a zinc-blende structure is defined by a single lattice constant
a, which is the edge of a cube (Fig. 1.1(b)). Its lattice is also tetrahedrally
coordinated, with atoms symmetrically distributed in the same way as in a
diamond, only with alteration of atoms.

GaN is a wide band-gap (3.4 eV), hard material with high heat capacity
and thermal conductivity. At room temperature its electron mobility can reach
~440 cm?/(V-s). The size of a GaN lattice is defined by the following room
temperature parameters —a = 3.189 A and ¢ = 5.185 A [26]. AIN has a wider
bandgap of 6.2 eV, its room temperature lattice parameters are a = 3.112 A
and ¢ = 4.982 A [26], electron mobility reaches ~300 cm?/(V-s). InN is a
narrow bandgap semiconductor, with a bandgap of 0.7 eV and lattice
parameters a = 3.545 A and ¢ = 5.703 A. Due to the smallest effective electron
mass among the Ill-nitrides, InN has the highest electron mobility that can
exceed 3000 cm?/(V's) at room temperature [27].
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Fig. 1.1. Wurtzite (a) and zinc-blende (b) structures.

The band structure of Ill-nitrides mainly consists of a single lowest
conduction band and three valence bands: light hole (LH), heavy hole (HH)
and a split-off (CH) band. The latter forms due to a crystal field inside the
semiconductor, while the former two arise from different effective masses of
the corresponding holes. Since a larger effective mass also means the higher
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density of states (DOS), the properties of IlI-nitrides are dominated by heavy
holes. The band structure of GaN is shown in Fig. 1.2. The parabolic
dispersion of energy is only present in the vicinity of the T" point where the
wave vector k = 0. Band structures of AIN and InN have many similarities
with that of GaN, however there are certain distinctions as well.

Waurtzite GaN 4
Energy
C.
A -valley
\/\/_w
[ - valley
EA Em-l
E.u
0 Ago

p B =~ Heavy holes (HH) 4,
: v / \ Light holes (LH) )
\" Split-off band (CH)
Fig. 1.2. Wurtzite GaN band diagram [28]. The origin of the As, energy split is the
spin-orbit interaction, while A originates from the hexagonal crystal field [29].

The combination of Ill-nitrides opens up a theoretical possibility to
synthesize ternary (InGaN, AlGaN, AInN) or quaternary (AlinGaN) alloys
with emission wavelengths continuously changing from 1800 nm (short-
wavelength infrared) to 200 nm (deep UV). This can be done by changing the
molar ratios between the binary (or ternary) constituents (Fig. 1.3). Since they
have different lattice sizes, lattice parameters of the resulting alloys depend
on the molar ratio too. The full coverage of the visible spectrum (400-700 nm)
makes the Il1-nitrides very suitable for general lighting and other technologies
that encompass the light interaction with the human eye. Other uses of these
materials include UV emitters (like laser diodes (LDs)) and solar cells (tandem
solar cells especially, where utilization of the infrared solar spectrum part is
very important). Beyond the light technologies, wide bandgap IlI-nitride
alloys are suitable for high power devices such as high-electron mobility
transistors (HEMTSs) due to the advantages associated with a large band gap
that include higher breakdown voltages, ability to sustain larger electric fields,
lower noise generation, and higher operating temperatures.
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Fig. 1.3. Lattice constants and bandgap
energies of the main alloys of the
Il1-nitride family: InN, GaN and AIN.
The connecting lines correspond to
ternary alloys with different
compositions. The curvature can be
described by the bowing parameter in
Vegard’s law.
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1.1.3. Growth, doping, and associated challenges

I11-nitrides are mainly grown by two techniques: molecular beam epitaxy
(MBE) and metal-organic chemical vapor deposition (MOCVD). The former
is known to provide better structural quality and is more precise, however
growth times in MBE reactors are considerably longer along with the higher
cost of the process. Therefore it is mainly used for synthesizing materials for
laboratory experiments where outstanding quality and very precise layer
thicknesses are needed, while MOCVD reactors lead the field in both
laboratory and commercial use.

The common substrates with a hexagonal structure used for growth of
nitride-based devices are sapphire (a-Al,03 a=4.759 A, ¢ =12.991 A, [30]),
6H-SiC (a=3.08 A, c=15.12 A), ZnO (a=3.252 A, ¢ = 5.213 A), or GaN
itself. The latter is the best option in terms of lattice parameters, however its
high price and relatively small available wafer sizes prevent it from being the
mostly used one. Sapphire, on the contrary, has the largest mismatch (with
respect to GaN) of lattice (+33%) and thermal expansion coefficient (-34%)
[31,32]. Despite these drawbacks and its poor thermal conductivity, sapphire’s
lowest price, larger wafer diameters (two inches standard with several times
larger sizes available), and high availability make it the mostly used substrate
in fabricating the nitride-based devices. Furthermore, the extremely large
lattice mismatch is reduced (to ~14%) when the grown layer cell rotates 30°
around the c-axis with respect to the sapphire cell [33]. In an attempt to reduce
costs, Si substrates have also been used to grow GaN [34] — they are cheap,
with large diameters exceeding 150 mm, and are compatible with existing
process lines commonly used in the electronics industry. Unfortunately, this
method has issues with high dislocation densities and Si wafer cracking due
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to mismatches of lattice parameters (17%) and thermal expansion coefficients
(+100%). Researches in this field regarding the stress control are being carried
out [35].

For n-type conductivity, the main dopant of Ill-nitrides is silicon (Si),
which creates an energy level ~20 meV below the conduction band. Oxygen
(O) with ~35 meV level [36] can also be used, however it can be an
undesirable and uncontrollable dopant, if present in growth reactors as a
background material or if it diffuses out of a sapphire substrate. Thermal
energy ksT (ks — the Boltzmann constant) at room temperature is around 25
meV, therefore most of the donors are generally activated in the n-type
material. For p-type doping magnesium (Mg) is used, which in GaN creates a
deep energy level, ~170 meV above the valence band [37]. At room
temperature, only ~2% of acceptors are thermally activated, therefore high
concentrations of Mg atoms for sufficient p-type conductivity are needed
(~10%° cm acceptor concentration for ~10'® cm= hole concentration), for
which the quality of the alloy significantly deteriorates. This is the main
reason why in InGaN LED structures p-type contact layers are grown last —
this way structural quality of other layers is maintained. Another issue with
Mg is that it can form complexes with hydrogen (H) atoms, produced by NH3
(ammonia) dissociation during growth by MOCVD, making acceptors
electrically inactive. Luckily, this can be overcome with thermal annealing at
the N, ambient atmosphere, which breaks these complexes apart [18].

One of the most important parameters in growing Ill-nitride layers is the
growth temperature, as the structural quality and bandgap heavily depend on
it. For GaN layers, the growth temperature is usually higher than
1000 °C [38,39], with around 1050 °C being the optimal one [40], whereas for
InGaN layers it is usually around 800 °C or lower provided that higher In
content is intended [P4]. This is because the maximum growth temperature
for In-polarity InN should be about 500 °C [27] as the growth rate falls at
higher temperatures due to the low InN dissociation temperature (550 °C) and
desorption of In atoms from the surface. For the same reason GaN barriers in
QW structures have to be grown at lower than optimal temperatures to
maintain high indium content in the wells [41]. On the other hand, the
dissociation rate of NHs is reduced at lower temperatures [42,43], resulting in
the formation of nitrogen vacancies due to deficiency of its atomic species
when growing GaN or InGaN [44,45]. Therefore growth temperatures have to
be carefully selected to obtain high quality layers with a designated In content.
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In MOCVD, the main precursors used for the growth of Ill-nitrides are
trimethylindium (TMIn), trimethylgallium (TMGa), trimethylaluminum
(TMAI), and ammonia, while doping is performed with
bis(cyclopentadienyl)magnesium (Cp:Mg), silane (SiH4), or nitrogen oxide
(N20). The ratio between ammonia and precursors constituting group I
elements (/111 ratio) in the growth chamber is usually kept much higher than
the stoichiometric one due to limited decomposition of NHs and the nitrogen’s
tendency to desorb from the surface. It was shown that higher /11 ratio can
reduce the formation of crystalline donor-type defects that are related to
nitrogen vacancies [46,47]. As for the ratios between the group 111 elements,
they are chosen according to the designated In content in the layers — an
increased partial pressure of TMIn allows higher incorporation of the indium
content [48], however at the same time the process heavily depends on the
growth temperature.

A huge challenge in growing InyGai-xN layers with a uniformly distributed
high indium content is its limited miscibility in GaN. It can be induced by
spinodal decomposition, a mechanism due to which compounds with In
contents x > 10% may experience the phase separation, leading to the
coexistence of two phases — indium rich and indium poor [49,50]. For a given
growth temperature, InxGai;xN has a region of solid immiscibility, and for
alloys having compositions in this region, there is no energy barrier for the
phase separation to occur. Another cause can be the “compositional pulling”
effect — strain decreases the incorporation of a larger diameter In atoms into
the GaN matrix to reduce the deformation potential that arises from the lattice
mismatch between the grown and the underlying layer [51,52]. In other words,
the composition (x) of the grown layer is pulled towards the one that gives the
lattice matching between the two layers, hence the name [53]. Therefore, as
the layer gets thicker and strain relaxes, more In can be incorporated, which
might result in a compositional gradient along the growth direction [25,50,54].
According to a theoretical study conducted by Inatomi et al., a compressive
biaxial strain hinders the incorporation of In atoms, while a tensile biaxial
strain promotes it [51]. This is because the In-N bond, which is longer than
the Ga-N bond, relaxes the tensile strain, which is energetically favorable.
This suggests that a substrate with a larger lattice constant might enable the
growth of a layer with a higher In concentration, provided that the mismatch
is not too high and the formation of dislocations is not induced. Another
natural process that hinders the uniform incorporation of In is its segregation,

which can be both vertical and lateral. Vertical segregation takes place due to
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different energies required for occupation of surface sites with more favorable
conditions being for Ga atoms [55]. Lateral segregation of In atoms can be
attributed to the more stable In—In bonds rather than the In-Ga bonds.
Growth of IlI-nitrides is associated with the abundance of defects. The
most elementary are point defects such as vacancies, when anions or cations
are missing from their designated sites and dangling bonds form [56],
interstitial and antisite atoms, which occupy the lattice sites not designated for
them, or unintended impurities (C, O). For vacancies, a missing nitrogen atom
creates a shallow level below the conduction band, while gallium creates a
deep level above the valence band [46,47]. Another type of defects is planar,
such as crystal surfaces and boundaries between the layers. However, nearly
the most important type is the linear defects — threading dislocations (TDs),
which are practically unavoidable when the lattice unmatched substrates are
used. They originate at the interface of the substrate and the grown layer and
thread through the latter (usually parallel to the c-axis) to the surface, where
they often end up in V-pits having the hexahedron cone morphology [50,57].
Threading dislocations fall into three categories: edge, screw, and mixed type
(having both screw and edge components). Their typical densities are in the
range from 107 to 10°cm2 [58-60], which significantly degrades the electronic
properties of the layers. One of the ways to reduce them is the epitaxial lateral
overgrowth (ELOG) technique. In it, parts masked with SiO, block the
propagation of TDs that originate from the underlying GaN/sapphire interface
[59,61,62] into the regrown layer. Growth of the new layer above the SiO,
mask takes place both vertically and laterally, hence the name ELOG. The
ELOG technique can also be realized without masking the templates but by
simply etching them, however this may provide smaller improvements [63].
Another way to reduce TDs is to use the patterned sapphire substrates (PSS)
[64-67]. In it, the lateral growth takes place too, however, this is achieved
with only one MOCVD growth, if compared to two growths necessary for the
ELOG technique. Usage of PSS can also improve light extraction [68].
II-nitrides are usually grown along the [0001] direction, which results in
their surface being the c-plane. However, strong internal electric fields form
in this direction, with typical values of 0.5-2 MV/cm in InGaN with In
contents in the range of 10-20% [58,69]. To reduce their impact another
growth directions can be exploited. The resulting planes are called non-polar
or semi-polar. The examples of the former are the m-plane, grown along the
[1100] direction, and a-plane, grown along the [1210] direction (Fig. 1.4).
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Vectors of internal electric fields are parallel to the c-axis, which is
perpendicular to the growth direction in non-polar layers, hence electrons and
holes are not pushed to the different sides of the QWs (Chapter 1.3.2). An
example of a semi-polar plane is the r-plane, grown along the [1012] direction.
This arrangement results in the partial reduction of internal electric fields
perpendicular to QW layers. However, quality non- or semi-polar plane
structures are difficult to grow, with one of the reasons being the lack of
suitable high quality substrates. Therefore although they look promising, they
are still far from reaching the IQEs of polar structures.

{0001} a - Fig. 1.4. Crystal planes in a wurtzite crystal.
By CPlane {0001} is a polar c-plane, {1100} — non-

’ polar m-plane, {1210} — non-polar a-plane,
{10123} — semi-polar r-plane.

{1012} {TZTI:J}

2 {100} r-plane  j@plane

'm-plane
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1.1.4. Spontaneous and piezoelectric polarizations

The lack of inversion symmetry in a wurtzite crystal along with different
cation and anion electronegativities (tendencies of atoms to attract the bonding
pairs of electrons) results in the internal electric field, which is an effect known
as the spontaneous polarization. In the case of GaN, electronegativity of
nitrogen (3.0) is significantly higher than that of gallium (1.6), meaning that
the bond between these two atoms is partially ionic, with electrons shifted
more towards nitrogen, resulting in a dipole moment pointing from nitrogen
to gallium. Because the tetrahedral coordination of a wurtzite is not ideal,
electrical dipoles are not cancelled out along the c-axis due to unequal
projections of nearby -N-Ga- and -Ga-N- bonds on it, with the center of a
negative charge shifted more towards the [0001] direction in the tetrahedron
than the center of a positive charge [23] (Fig. 1.1(a)). In the meantime,
perpendicular to the c-axis lie sublayers of the same type evenly distributed
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atoms, and on a macroscopic scale, the projections of -N-Ga- bonds on these
sublayers are compensated, which results in a zero net dipole moment.

In the presence of a wurtzite crystal deformation, an internal electric field
can be generated by another type of polarization, which is piezoelectric.
During the tensile stress along the c-axis (compressive along a-axis), the three
bonds which are not parallel to it are tilted away from the parallel bond,
increasing their projections on the c-axis. This results in higher compensation
(or even overcompensation) of a net dipole moment, hence in this case the
piezoelectric polarization has an opposite direction to the spontaneous
polarization. The most common origin of such deformation is a mismatch of
lattice constants, when the underlying layer has smaller lattice constants than
a grown layer (for example InGaN on GaN). If a compressive stress along the
c-axis (tensile along the a-axis) is applied, the three bonds that are not parallel
to it are tilted towards the parallel bond. This gives lower compensation of a
net dipole moment and the piezoelectric polarization has the same direction as
the spontaneous polarization. This can happen when the underlying layer has
larger lattice constants than a grown layer (for example AlGaN on GaN, or
GaN on a sapphire substrate).

The total polarization field (P) from spontaneous and piezoelectric
polarizations induces the electrostatic charge density, the sign of which
depends on the polarization direction (pointing from the negative charge to
the positive charge, as opposed to the electric field vector). It causes the
rearrangement of surface charges in a bulk material, where it is assumed that
they screen the spatially uniform polarization field. In heterostructures,
however, variations in composition create non-vanishing internal spontaneous
(Psp) and piezoelectric polarization (Ppe) fields. The associated charge
densities form at the abrupt heterojunction interfaces due to the differences in
spontaneous polarization between the two heterojunction constituents and an
abrupt change in the strain that gives rise to discontinuity in piezoelectric
polarization [70]. The sheet charge density at the interface of a top and a
bottom layer can be defined by [71]:

o= Ptop - Pbottom - (Psp_top + Ppe_top) - (Psp_bottom + Ppe_bottom)-

(1.2)

If the polarization induced sheet charge density is positive (¢ > 0), free
electrons will tend to compensate it by accumulating at the interface. The
negative sheet charge density (o < 0) will cause the accumulation of free
holes at the interface.

30



1.1.5. Carrier localization

Localization plays a very important role in nitride-based devices. It
prohibits the charger carriers from reaching a vast amount of dislocations and
defects which act as non-radiative recombination centers (NRCs) [59,72] (Fig.
1.5). Typical dislocation densities of 107 — 10° cm™ are considered way too
extreme for other material based devices. For example, the limit for operation
of AlGalnP-based LEDs is exceeded by more than 4 orders of magnitude [59].
There are several localization origins in InGaN QWs which can be divided
into two sections: compositional and structural variations.

Fig. 1.5. Density of localized states at
the bottom of the conduction band of
a bulk semiconductor. Electrons have
. to hop between the localized states,
which  significantly limits their
movement and prevents them from
reaching the defect states.

Free states N,

X ¥

In the case of compositional variations, the smallest of them is a random
alloy disorder, where In, Ga, or Al atoms occupy cation sites randomly (Fig.
1.1(a)). It occurs on the scale of a unit cell and is unavoidable. Density
functional theory (DFT) calculations in InGaN showed that two indium atoms
sharing the same nitrogen atom decrease the band gap energy by 8 meV, while
three and four atoms that share the same nitrogen atom decrease the band gap
energy by 18 meV and 29 meV, correspondingly [57,73]. Typically, density
of localized states due to the random alloy disorder decreases with their depth
with exponential or Gaussian distribution [74] (Fig. 1.5). Random alloy
fluctuations are of a bigger scale (> 1nm), and they stand for average local
composition variations, which stem from the large difference in the bandgaps
of the InGaN alloy constituents (InN and GaN) — even the slight variations in
the average composition can lead to potential fluctuations of tens of meV in
the valence band [75]. Another cause of localization might be the cation
segregation, which can basically be seen as the formation of In clusters or even
guantum dots [76,77]. It was believed to be one of the main causes of strong
localization in the early days of researches. However the picture changed after
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finding out that the strain contrast seen in TEM (transmission electron
microscope) images increased with longer exposure to the electron beam. The
observed artifacts that were initially ascribed to In clusters were then
attributed the electron beam damage [78,79]. Randomly distributed dopants
also lead to unavoidable fluctuations of the doping concentration on a
macroscopic scale, which act as potential fluctuations [38].

Speaking of structural variations, localization can be a consequence of well
width fluctuations. Due to the quantum confinement (more details in Chapter
1.3.1), both electron and hole energies are shifted up in QWs with respect to
the bulk material. The magnitude of this shift depends on the width of the well
— a narrower well means a higher energy. Hence width variations along the
planes of the QWs give different potential energies. In addition to this, the
influence of large piezoelectric fields also changes with the well width due to
variations in local strain. Taking everything into account, Graham et al.
calculated that the smallest possible variation of one monolayer (~0.26 nm) in
a 3.3 nm well with 25% In content can result in the difference of 58 meV [80],
which significantly exceeds the room temperature ksT energy. The fact that
monoatomic variations in the quantum well thickness can result in carrier
localization even at room temperature was also shown in [81].

The potential landscape can also be shaped by the crystal lattice defects.
For example, a threading dislocation that ends up in a VV-pit at the surface of a
multilayered quantum structure can create a potential barrier around itself
[60]. This is because the QWs that grow on the inclined walls of V-pits (that
coincide with the semipolar {1101} plane) have narrower widths than the
QWs that grow on the c-plane due to a slower growth rate [82,83]. Again,
thinner QWs result in a higher local potential, which acts as a barrier that
prevents the charge carriers from reaching the dislocation core. Inclined
planes also have lower In incorporation rate, increasing the potential barrier
further [84]. Even more, In tends to accumulate in the region surrounding
V-pits [25]. It should be noted that dislocations also cause distortion to the
crystal lattice that leads to variations in the local strain and internal electric
fields, which also shape the potential landscape. Lattice distortion can also be
induced by point defects, for example if a substitutional atom has a larger
radius than the intended one. As for the Coulomb interaction, a negatively
(positively) charged defect site will repel electrons (holes), creating a potential
barrier. This applies to both point defects and extended defects.
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Localization mechanisms are believed to have different impacts on
different carriers — while holes are mainly localized in In-N chains, electron
movement is mainly restricted due to the potential minima caused by QW
width fluctuations [73,80,85-87]. Along with much stronger localization for
holes due to their larger effective mass [88-90], this translates into separate
localization lengths being 1-3 nm for holes and 5-10 nm for electrons
[86,91,92]. Furthermore, in QWSs carriers are separated by the internal electric
fields, meaning that localization takes place in different atomic planes, where
random distributions of In atoms are likely to differ [93]. Therefore, strong
independence of hole and electron localization in quantum structures is
expected.

1.1.6. Green gap

Tuning of the bandgap of InGaN quantum structures is a very appealing
ability, enabling fabrication of LEDs in the green or even in the red spectral
part. This so called bandgap engineering is mainly performed in two ways: by
changing the amount of indium in the compound [P2], or by changing the
width of the QWSs. However, longer peak emission wavelengths generally
result in lower peak IQEs. On one hand, increasing the In content results in
the formation of more structural defects, such as strain-relieving misfit
dislocations [94], indium or, particularly, nitrogen vacancies, leading to higher
non-radiative losses. Furthermore, larger lattice mismatch increases strain and
stronger piezoelectric fields that separate the charge carriers build up. On the
other hand — widening the QWs increases the separation distance between
holes and electrons due to internal electric fields, which decreases the
oscillator strength and diminishes the radiative recombination probability
[95]. It has been shown that the radiative rate of carriers is proportional to the
wave-function overlap squared [96], making it a very sensitive dependence.
Stronger uncorrelated lateral localization of electrons and holes in QWs when
In content is higher [93] decreases the overlap even more. Therefore, green
InGaN emitters have relatively poor IQEs. In this work they do not exceed
more than 20% in samples with longer than 500 nm peak emission
wavelengths, and drop to less than 1% in the 560-580 nm range (Fig. 1.6(a)).
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Fig. 1.6. Peak IQE vs the PL peak position in samples from this work (a). Maximum
external quantum efficiency (EQE) of different commercial nitride and phosphide
LEDs, illustrating the “green gap” problem (colored spheres, with data taken from
[97,98]) (b). Stars represent the peak IQE values of several samples from this work.
The lines are guides to the eye. Image adapted from [93].

Phosphide-based LEDs also show poor IQEs in the green spectral region.
For GaAsP, its constituent GaP is an indirect bandgap (2.26 eV — 549 nm)
semiconductor, which makes the ternary alloy indirect too when the
composition is changed to shift the emission wavelength from the red spectral
part to green [99]. A similar situation is observed in AlGalnP system when the
Al content is high [10]. The transition from a direct to an indirect bandgap
greatly decreases the radiative recombination probability, which can be
additionally quenched by an increase in the density of defects.

Combining the nitride- and phosphide-based emission wavelength
dependencies of IQE results in its overall severe drop in the 500-600 nm
spectral range, which is known as the “green gap” [93,95,100] (Fig. 1.6(a) and
(b)). Closing this gap is of great importance in order to achieve the full
potential of solid state lighting. In the case of InGaN, one of the main tasks is
to tackle the low quality issue in high In concentration alloys used in LEDs.
This could be done by a better lattice matching of different layers, for
example, by using a quaternary AlGalnN alloy, with growth of the entire
structure performed on a lattice-matched GaN substrate. Such substrates,
however, are too expensive at this time to offer a final device at a competitive
price. The other way around is to exploit the localization effect — even in a
highly defective material, strong carrier localization may provide sufficiently
high potential barriers to prevent carrier diffusion to defects. As for the
reduction of the impact of internal electric fields, no options have yet proven
to be very promising: structures grown along the non-polar directions have
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low IQEs, if compared to the polar one, and any attempts to compensate the
internal electric fields in QWs by high dopant concentrations [101] usually
end up in very high defect densities.

1.1.7. Efficiency droop

The efficiency droop is a detrimental effect, observed as a decline of
efficiency at high non-equilibrium charge carrier densities, and is common to
all alloys in the family of Il1-nitrides [102-105]. A typical efficiency curve
consists of an initial rise, a droop onset corresponding the peak 1QE value, and
a following decline with increasing the carrier density (Fig. 1.7(a)). In an ideal
case, the efficiency of an LED should rise and reach a constant value (Fig.
1.7(b)). This phenomenon is the main obstacle hindering the usage of LEDs
in high-power light sources, therefore it has a considerable interest among the
scientists working in the field of nitrides. However to this day there are
multiple theories as to the cause of the droop effect, with none of them being
definite.
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Fig. 1.7. (a) Measured IQE vs carrier density curves of several InGaN MQW samples
from this work. (b) Illustration of LED power and efficiency curves without (solid
lines) and with (dashed lines) the efficiency droop (adapted from [102]). Note that (a)
has a semi log scale, while in (b) the scale is linear.

Auger recombination is by far the most debated droop mechanism. It was
first mentioned in the work by Shen et al. in 2007 [106], and was first claimed
to have been identified as the main cause by an experimental study in 2013
[107] via observation of high energy electron emission from the sample
surface [108]. Due to the threshold energy implied by the energy and
momentum conservation, the process is believed to be mainly indirect [109]
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(read more in Chapter 1.2.2) with an exception for certain In concentrations
where a resonance between the lowest and the adjacent conduction bands may
take place [110,111]. This is supported by calculations that show bulk InGaN
direct Auger recombination coefficient C values lower than 1032 cm®/s [111],
while for the indirect process they are higher, exceeding 103! cm®/s [109]. It
is suggested that in QWSs, Auger recombination rates can be significantly
enhanced due to the lack of momentum conservation along the confining
direction [112-115]. Carrier confinement in real space is expected to spread
the carrier wave function in the reciprocal space, which should favor direct
Auger recombination in particular. On the other hand, it is argued that spatial
carrier separation due to internal electric fields should reduce the probability
of Auger recombination [96,116]. It is also suggested that even small Auger
coefficients can cause the droop due to the reduced effective volume in QWs,
as the carrier density distribution is strongly non-uniform due to localization,
polarization fields, and an unequal carrier distribution among the different
wells [117]. Either way, C values as high as 10-* cm®/s were reported in QWs
[118,119].

Another plausible cause of the droop can be the diffusion-driven defect
recombination, also known as the density-activated defect recombination
(DADR) [120]. It stems from the increasing carrier mobility with their
delocalization [121,122]. The increased mobility enhances the probability to
reach the distant defects and to overcome the potential barriers that may
surround them. This non-radiative process becomes critical after all the
localized states get filled and all additional non-equilibrium charge carriers
populate the states above the mobility edge. The DADR rate is expected to be
proportional to the 2" power of carrier density [120].

While the previous droop causes are associated with the losses inside the
active region, electron leakage encompasses the non-radiative losses taking
place outside of it. There are different reasons for the process to occur, one of
them being the band bending due to the polarization charges at the interfaces
of the layers that constitute the active region and its vicinity, which makes it
energetically convenient for electrons to escape into the p-region [104]. The
electron escape can be diminished by using the AlGaN electron blocking layer
(EBL) that creates a high potential barrier between the active region and a p-
contact [123,124]. However, this makes the another issue — poor hole
injection, which is already burdened by their high effective mass, polarization
charges, and ineffective p-doping — worse, as EBL creates an additional

potential barrier to holes. The net outcome is an asymmetrical hole distribution
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in the active region. Usually, only one [125,126] or two QWs closest to the p-
side get filled with holes, meaning that mainly there radiative recombination
occurs. This unbalance between different carriers further enhances the
electron escape [126]. On the other hand, it was shown that electron
confinement can be enhanced with minimum sacrifices in hole injection by
using a specially designed superlattice EBL with graded composition [123].

Electrons injected into the active region may not thermalize to lose their
kinetic energy and thus exit into the p-contact without being captured in QWs.
This can happen without any scattering (ballistic transport), or with a few
scattering events (quasiballistic transport). To prevent the overflow of these
“hot electrons”, the aforementioned EBL can be used, or alternatively — a
staircase electron injector (SEI). In the latter, a step-like increase in the In
content helps to effectively “cool” the electrons so as to eliminate the overflow
current [127] [P1]. The advantage of using the SEI is that it does not impede
the hole injection.

Among other possible droop causes related to the electron leakage, there is
defect-assisted tunneling, in which electrons tunnel through the deep states in
barriers and other layers into p-GaN [128], thermionic emission from QWSs
[129], current crowding [130] (which can also favor Auger recombination),
and saturation of radiative recombination [66] [P3]. It should be noted that
Auger recombination can enhance the electron escape as well because of the
gained Kinetic energy that exceeds the conduction band edge of the barrier
layers [107,111,131].

Stimulated recombination has also been identified as a possible cause of
the droop in GaN epilayers, where its onset was observed simultaneously with
the droop onset [14,132]. The stabilization of carrier density by stimulated
emission at high excitations was held responsible for the decreased efficiency
of spontaneous recombination. Meanwhile, the total efficiency of stimulated
and spontaneous recombination did not suffer any droop. The same effect has
not yet been presented in InGaN LED structures, where the droop occurs
significantly earlier than stimulated recombination.

Both Auger recombination and diffusion-driven defect recombination
appear to be feasible to explain the droop that is observed in both
electroluminescence (EL) and PL experiments. Meanwhile, droop causes
associated with electron leakage have certain contradictions to them. The
optical pumping of samples creates a symmetrical distribution of holes and
electrons in QWs, while the carrier overflow should not be induced in the

absence of the external electric field. As for the polarizations charges, they
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should be screened at high excitation energy densities. Furthermore, the droop
is observed even at low temperatures, as well as at pulsed carrier injection
regimes with small duty cycles, diminishing the role of thermionic emission.
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1.2. Charge carriers in semiconductors

1.2.1. Charge carrier generation

When an incident photon reaches the boundary between the two mediums,
it can be reflected or enter the second medium. In the latter case, a photon can
be transmitted through the second medium and exit it, or it can be absorbed
by generating a pair of non-equilibrium charge carriers (this can happen after
the reflection from the second boundary as well). In the case of the absorption
in semiconductors, there are several mechanisms by which this can happen.

If the energy of an incident photon hv is equal to or exceeds the bandgap
Eg of the semiconductor, an absorbed photon transfers an electron from the
valence band E, to the conduction band E¢, creating a free electron-hole pair,
which is a process called an interband absorption. (Fig. 1.8(a)). In a direct
bandgap semiconductor, where the minimum of the conduction band energy
has the same wave vector (k-vector) as the maximum of the valence band, the
momentum (p = hk) remains the same after this transition. Meanwhile in an
indirect bandgap semiconductor, where the minimum of the conduction band
energy and the maximum of the valence band have different momentums, the
transition requires the change of ak, for which the participation of phonons is
necessary. This is why the indirect absorption coefficient is generally smaller
than the direct one. In addition to this, it changes with temperature, as phonon
density is lattice-temperature dependent.
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Fig. 1.8. Non-equilibrium charge carrier generation scheme: interband transition (a),
exciton absorption (b), two-photon absorption (c), and absorption through impurities
or defects (d).
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If the energy of an incident photon is lower than the bandgap by a small
amount, exciton generation is possible (Fig. 1.8(b)). An exciton is a bound
state of an electron and a hole which are attracted to each other by an
electrostatic Coulomb force. If a hole is heavier than an electron, the system
can be imagined like a hydrogen atom, with a negative electron orbiting a
positive hole. The absorption by excitons is generally observed at low
temperatures, with the transition energy smaller than bandgap of the material
by the exciton binding energy. However, at room temperature the excitons
typically dissociate into free electrons and holes and such transitions are not
observed.

For photons that have a substantially smaller energy than the bandgap of
the material, multi-photon absorption processes can take place. The simplest
of them is a two-photon absorption, where the sum of the energy of two
photons exceeds the bandgap energy (Fig. 1.8(c)) [133]. This process involves
a virtual energy level and is proportional to the 2™ power of the excitation
intensity, whereas a single-photon absorption rate is linearly proportional. For
a higher order n multi-photon absorption the rate is proportional to the n'"
power of the excitation intensity, and the absorption coefficient is proportional
to the (n — 1) power. This implies that such absorption rates can only become
dominant at very high excitations intensities, particularly with highly focused
laser pulses [134].

Another case of carrier generation with a smaller energy photon than the
bandgap is the absorption through impurity and defect states. Electrons are
generated by the ionization of neutral donors, and holes — by the ionization of
neutral acceptors (Fig. 1.8(d)). Shallow impurities absorb light in the far-
infrared range, while deep impurities — in the infrared range. The absorption
coefficient for this mechanism is a few orders of magnitude smaller than the
one for the interband transition, and depends on the density of impurities and
the absorption cross-section, which depends on the photon energy.
Furthermore, the generated electron and hole densities are usually different.
In the case of high excitation intensities, multi-photon processes can occur —
one photon ionizes a deep impurity, and another transfers the electron (hole)
to the conduction (valence) band, thus creating a free electron-hole pair. This
is similar to the multi-photon absorption, with the main difference being a real
energy level within the bandgap instead of a virtual.

An important thing to keep in mind is that that all transitions require the
conservation of energy and momentum. Furthermore, they depend on the
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occupation of the participating energy states. This applies to recombination
processes as well, which will be discussed in the next chapter.

1.2.2. Charger carrier recombination

The generated free carriers exist only temporarily, as immediately after the
excitation recombination processes occur, and the absorbed energy is
dissipated as photons and/or phonons. Recombination processes can be
divided into two groups: radiative, which is the photon emission that can be
accompanied with phonons, and non-radiative, which is basically emission of
phonons. A phonon is a quantum mechanical description of an elementary
vibrational motion in which a lattice of atoms or molecules uniformly
oscillates at a single frequency [135]. Phonon emission may occur due to
carrier scattering mechanisms, such as electron-phonon coupling, alloy
scattering (due to atomic disorder in an alloy), defect scattering, etc.

Bimolecular recombination is a process, which involves two particles — an
electron in a conduction band and a hole in a valence band. When these
particles meet at the same point in space (or, in this case, in a crystal lattice),
an electron shifts to the valence band instead of a hole, and a hole shifts to the
conduction band instead of an electron, with both transitions happening
simultaneously (Fig. 1.9(a)). Since the particles have to meet each other for
this process to initiate, its rate can generally be described by

R = BNP, (1.2)
where B is the bimolecular recombination coefficient, which is a material-
dependent parameter, N and P — non-equilibrium electron and hole densities,
respectively. When N = P, for example when free carriers are generated via
interband transitions —

R = BNZ. (1.3)

Bimolecular recombination has a much higher probability in direct
bandgap semiconductors, as it can happen without the initial phonon
transition, unlike in indirect bandgap semiconductors, where phonons are
required to change the momentum. The process is generally radiative,
however bimolecular recombination can be non-radiative as well [P3]. The
origin of the latter can be recombination via trap sites which accept both
electrons and holes.
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Fig. 1.9. Recombination processes in semiconductors: bimolecular recombination (a),
exciton recombination (b), SRH recombination (c), and Auger recombination (d).

Radiative bimolecular recombination is a form of a spontaneous emission
process. When population inversion at increased carrier densities occurs, the
spontaneously emitted photon can stimulate a recombination event, resulting
in a generated photon with similar properties to the one responsible for the
event. This is exploited in UV, blue, and green Ill-nitride laser diodes
[62,136]. In GaN, stimulated emission is evidenced by the appearance of a
sharp peak in luminescence spectra, which has a lower energy than the
spontaneous emission. This is in contrast to AlGaN alloys with high Al
content [14] and to InGaN alloys [137], where the stimulated emission peak
has a higher energy.

The radiative transition can happen with the participation of one or more
phonons, with some of the energy transmitted to the lattice vibrations. In
nitrides this is usually evidenced by the main emission peak replicas, shifted
to lower energies with multiples of ~90 meV, which corresponds to the energy
of the longitudinal optical phonon (LO) [138,139]. Phonon-related peaks are
generally observed at low temperatures, where it is easier to distinguish them
from other components.

If an exciton can be formed in the material, for example, at low
temperatures, exciton recombination may occur (Fig. 1.9(b)). In InGaN alloys,
this process can be observed even at room temperature due to sufficiently high
binding energies of localized excitons that may exceed the ksT energy [86].
Exciton recombination rate that can be observed at relatively low carrier
densities has a linear dependence on the density of correlated electron-hole
pairs [P1]. Excitonic phase in a highly excited QW becomes unstable as the
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two dimensional electron-hole density exceeds N, = 1/ma?, with a, being the
Bohr radius [140].

Shockley-Reed-Hall (SRH), also called the trap-assisted recombination
(Fig.1.9(c)), is generally a non-radiative process. During it, an energy state
created within the bandgap by an impurity or an imperfection in the crystal
lattice traps a carrier of one sign, which is then followed by a capture of
another sign carrier, and the two subsequently recombine, with the energy
dissipated mainly as phonons [141]. It can also be imagined as a two-step
transition of an electron from the conduction band to the valence band through
that energy state. If the latter is positioned energetically closer to the
conduction band edge, electrons get trapped more quickly than holes, and the
recombination rate mainly depends on how long it takes for holes to be
captured. Thus, assuming that the capture probability is the same for all holes,
the total recombination rate is simply a product between a one hole capture
rate and the number of holes. The same analogy can be applied for the defect
state which is closer to the valence band edge. This is why SRH usually has a
linear dependence on carrier density [142]. Its rate can be described by

PN-N?
Tho(N+N1)+Teo(P+Py)’
where N? = N;N, is the intrinsic carrier concentration, t,, and t,, are
lifetime parameters for holes and electrons, respectively, whose values depend
on the type of the traps and their volume density [143]. The quantities N; and
P, are parameters that introduce the dependency of the recombination rate on
the trapping energy level E; as follows:

Rgpy = (1-4)

E—E

Nl = NC T exp (;(TTC)' (15)
Ey—E

P, =Ny exp( ;:BTt). (1.6)

Here N, and Ny, are the effective densities of states in the conduction and the
valence band, respectively. These expressions are of the same form as the
charge carrier concentration in terms of the Fermi energy level.

According to (1.4), (1.5) and (1.6), the most efficient are the deep energy
traps, positioned in the middle of the bandgap, provided that 7, and 7., are
of the same order. This is because once trapped, carriers cannot escape these
deep traps, which is otherwise possible in the case of shallow defect states,
where the carriers can be freed with the help of phonons. Important things to
note are that defect states can absorb differences in momentum between the
carriers so that the conservation is easily satisfied, and in direct bandgap
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semiconductors SRH is the dominant recombination process at low carrier
densities.

The surface of a crystal is a defect itself, abundant with electrically active
dangling bonds, as well as with other defects. Grain boundaries and layer
interfaces can also contain these crystal lattice imperfections, which are
responsible for the surface recombination [144]. The process is very similar
to SRH recombination, with the main difference in that the surface
recombination depends on a two-dimensional density of traps, not a volume
density.

Direct Auger recombination is a three particle non-radiative process. Its
initial stage is similar to bimolecular recombination, however afterwards the
energy of the interband transition is passed to a third particle, rather than
emitted as a photon. The third particle, which can be an electron in the
conduction band (eeh Auger recombination, corresponding to two electrons
and a hole) or a hole in a valence band (ehh), is then moved to the extended
states in the corresponding band (Fig. 1.9(d)). After the interaction, the
particle loses its excess kinetic energy to thermal vibrations via the emission
of phonons and returns to the bottom of the energy band. The total rate of such
a process is generally described by

Rauger = CLN?P + C,P%N. (1.7)
Here C; and C, are the Auger recombination coefficients for eeh and ehh
processes correspondingly. For equal hole and electron densities, (1.7)
becomes

Rayger = C1N3 + C,N3 = CN3. (1.8)

The energy and momentum conservation is required in this process as in
all transitions. For the simplest case of eeh Auger recombination, the
momentum conservation can be represented as

ki +ky +kp =k, (1.9)
where kq, k, and kj, are the initial momenta of electrons and a hole, kf is the
final momentum of the electron that gains the energy and is lifted in the
parabolic conduction band (Fig. 1.10(a)). Considering a hole that is much
heavier than an electron (a case in IlI-nitrides) so that it carries all the initial
momentum,

kn~kg, (1.10)
which means that a hole must have a non-zero Kinetic energy which exceeds
a certain threshold for the direct Auger process to occur, thus limiting the
number of available states that participate in the transition [145]. Furthermore,
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in large bandgap semiconductors, the direct eeh Auger recombination is quite
improbable, because the conservation of momentum and energy is unlikely to
be fulfilled for a high energy portion transfer resulting from the interband
transition. This is because at high energies the conduction band dispersion
curve differs essentially from a parabolic one, an approximation which is only
true near the band edge [146]. The situation is quite similar for the direct ehh
Auger recombination, however it can be more probable due to the presence of
a complex valence band (Fig. 1.2), where a heavy hole can be rebounded to
the light hole subband.
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Fig. 1.10. Direct (a) and indirect eeh Auger (b) schematic diagrams in the vicinity of
band edges.

Auger recombination becomes indirect, when an additional momentum kpn
is provided to the process via an electron-phonon interaction, alloy scattering,
or Coulomb scattering by a charged defect [109] (Fig. 1.10(b)). This eases the
conservation of momentum and energy and allows a broader range of final
states, thus increasing the transition probability. This is very significant where
the band parabolicity ceases. Such a non-threshold Auger process rate has a
non-exponential dependence on temperature [147]. In InGaN alloys, the
indirect Auger recombination coefficient is typically higher for the ehh
process [109,148]. In addition to this, phonon scattering has a greater
influence than alloy scattering, with scattering by charged defects being
negligible [109].
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The trap-assisted Auger recombination is a variation of the standard
process, where the initial interband transition is replaced with recombination
of an electron or a hole through a trap, just like in SRH recombination. The
energy of this transition is not transferred to the crystal lattice through
phonons, but to a particle in a band which is shifted to higher energy [149].
The rate of the process can be described by [150]:

Rras = CraaNpNP = CryyNpN?, (1.11)
where Cr44 is the trap-assisted Auger recombination coefficient, N is the
density of participating traps. Because the latter is generally constant, the
process depends only on carrier concentration —

Rraa = BraaN?, (1.12)
where Br,, is the product of the trap-assisted Auger recombination
coefficient and the trap density.

1.2.3. Charge carrier diffusivity

In general, a charge carrier current is driven by two physical processes:
carrier flow induced by the external electric field and diffusivity caused by the
carrier concentration gradient. In the absence of the external electric field,
carriers are transported due to the diffusive flux, which is quantitatively
described by the diffusion coefficient D. In the non-degenerate
semiconductor, D is related to carrier mobility x with the generalized Einstein

relation [151]

kgT
D =-Zuy, (1.13)

where e is the elementary charge and y is called the thermodynamic factor,
which contains the effect of the interactions among the carriers (when y > 1).
If ¥ equals to 1, then (1.13) becomes the classical Einstein relation. Carrier
mobility itself is the proportionality factor between the drift velocity v, and
the driving electric field E —

vg = UE. (1.14)
In other words, electron (hole) mobility characterizes how quickly an electron
(or a hole) can move through a metal or a semiconductor, when pulled by the
electric field. It can also be described by the equation

u=—(r), (1.15)

m*
where m* is the effective particle mass and (t) is the average momentum
relaxation time of non-equilibrium carriers. The latter depends on the
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scattering mechanisms, of which the main in semiconductors are: phonon
scattering (most relevant at high temperatures), scattering by other carriers (at
high concentrations), and scattering by defects and crystal surfaces (dominant
at low temperatures).

In the case when both holes and electrons are generated in the
semiconductor simultaneously, for example with an interband transition,
diffusivity is ambipolar. The generated electron-hole pairs will diffuse along
the concentration gradient towards the lower concentration, however, the
more mobile carriers (usually electrons due to their lower effective mass) will
do so at a faster speed. The increasing spatial separation between electrons
and holes will induce the electric Dember field, which will prevent the further
separation between the carriers. Therefore, the diffusive flux will mainly be
determined by diffusivity of the less mobile carriers. The ambipolar diffusion

coefficient D, is described by:

N+P

Dy De
Here D. and Dy are monopolar diffusion coefficients of electrons and holes,
correspondingly. When N = P (equal generation rates of electrons and holes),

D, = 2Deln (1.17)

Dg+Dp,
Because in most semiconductors D, > Dy, therefore D, = 2D;,. For the cases
where densities of carriers of a different sign are significantly unequal,
D, =~ D, when N < P,and D, = D, when N > P,

Knowing the carrier lifetime 7z and D, one can calculate the average
distance that the carriers travel before recombining (in the absence of the
external electric field) — the diffusion length:

Lp = /D7x. (1.18)

47



1.3. Quantum structures
1.3.1. Properties of quantum wells

Quantum structures are inherent components of LEDs. Their emergence
can be traced back to the formulation of the concept of double heterostructure
lasers in 1963 [152,153]. Non-equilibrium charge carriers are effectively
confined when injected into the semiconductor with a smaller bandgap
sandwiched between semiconductors with wider bandgaps (which act as
barriers). The current cannot pass through the barriers at the interfaces, which
increases the carrier density in the confinement region and enhances the
probability of radiative recombination. These heterostructures are very
important to p-n junction lasers, where they allow lasing at room temperatures
with considerably lower currents [154]. For LEDs, double heterostructures are
usually narrowed to the size where they become quantum wells. In such a case,
not only the carriers are confined in space — their discreet energy levels also
form. This happens when a QW width becomes comparable to a characteristic
dimension. In the case of thermalized electrons, it is the de Broglie wavelength
(also called the thermal wavelength)

2

M:%ﬁfzﬁ’ (1.19)
where h is Planck’s constant, p is the momentum, m” — the effective electron
mass, v — electron velocity, & — thermal kinetic energy. The de Broglie
wavelength for room temperature electrons (with &= 26 meV) for GaN is
about 20 nm and for AIN it is about 14 nm [155]. For excitons, the
characteristic dimension is the Bohr radius, which is ~3 nm for GaN [156].

The formation of discrete energy levels in QWs is called the quantum
confinement. It stems from the fact that electrons and holes are both waves
that need to be squeezed in along the confinement direction. This results in
standing waves positioned perpendicularly to the interfaces of the layers. For
a standing wave to occur, its half wavelength (or multiples of it) have to match
the distance between the barriers. Only particular waves meet this
requirement, hence quantization arises. The easiest way to understand this is
by taking the “particle in a box” model [157]. In it the Schrédinger’s equation
in one dimension for the particle (an electron or a hole) is

L L V(2)g, = End,, (1.20)

2m* dz?
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where V(z) is the potential (the barrier height) that a particle sees along the
direction of the confinement (z), m* is the effective mass of the particle, E,
and ¢ are the eigenenergy and the eigenfunction, associated with the n™
solution of the equation, correspondingly. The equation can be simplified if
the barriers are considered to be infinitely high. Then the wave function must
be zero at the walls of a quantum well. In such a case, the solutions are

v [ (1.21)
¢ = Asin (”L’:Z). (1.22)

Here n =1, 2, 3... is an energy level, L; is the width of the well, A — the
normalization constant. The energy levels are quadratically spaced and the
wave functions are sine waves (Fig. 1.11, top left). The spacing between the
energy levels becomes more prominent with the narrower wells and smaller
effective masses m*. Note that the energies of each level are referred to the
bottom of the well. To determine the total shift of the transition energy with
respect to the bulk semiconductor, one has to take into account the shifts for
both electrons and holes.

Infinite height barriers

Finite height barriers
L,
> /
E-J ---------------- hkssnns n= 2
: /\//—
c .
I Barrier
PN penetration
CTTTTT T = =
Coordinate (z)
Superlattice
[ — | — Miniband, formed
: _/_ : _/_ > < due to the overlap
of wave functions

Fig. 1.11. Depiction of a quantum well and its energy levels with an infinite height
barriers (top left) and with a finite height barriers (top right). At the bottom, a
superlattice is shown. Adapted from [157].
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An infinite well is an idealized case. In real-world conditions, finite height
barriers exist, which means that at the walls of the wells the wave function is
not zero, and because it has to be continuous, it penetrates the barriers. The
result is a sine wave inside the QW, which exponentially decays in the barriers
(Fig. 1.11, top right). If there are two or more QWSs, separated by barriers
sufficiently thin that the exponentially decaying neighboring wave functions
overlap, a superlattice is formed. In such a structure, a carrier has the
probability to tunnel through a barrier. Furthermore, when the overlapping of
the wave functions of separate energy levels is significant, superlattice
minibands arise (Fig. 1.11, bottom).

In a QW, the movement of carriers in directions parallel to the planes of
the layers is not restricted. Thus carriers can gain Kinetic energies from the in-

plane motion
2 2 27,2 27,2

Be=lo4 bl B (1.23)
Due to this, there are subbands instead of discreet energy levels in QWs. These
subbands begin at the energy levels calculated for the confined states (where
Ex = 0). This results in a step-like DOS function, with the steps emerging from
the fact that for the in-plane motion DOS remains constant (Fig. 1.12). If the
width of the well increased constantly, the steps would continuously shrink,

with a smooth transition at some point to a bulk material DOS curve.

Kinetic g\ ....... - Fig. 1.12. Comparison of DOS functions in a
0 gtr;ergy \\”/E =13  bulk material (red dotted line) and in a quantum
2 P "n - well (blue steps). Adapted from [157].
n=1
E:; bulk E’

Transitions with photons (absorption or recombination) in a QW take place
only between the same energy levels of electrons and holes (4An=0), and the
conservation of the momentum has to be fulfilled. They are known as
“vertical” transitions, and their essence is that momentum in the conduction
band has to be the same as the one in the valence band. In an ideal QW, these
transitions would follow the DOS function.

An important parameter of QWSs is a band offset ratio. Its value represents
how the conduction and valence bands of different semiconductors align in a
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heterojunction. For example, in a GaN/InGaN system the band offset ratio is
generally considered to be 70/30 [114], meaning that 70% of bandgap energy
difference between GaN and InGaN goes to the offset of the conduction bands,
while 30% of it goes to the offset of the valence bands.

1.3.2. Quantum-confined Stark effect

The quantum-confined Stark effect (QCSE) is a phenomenon inherent to
guantum wells where electric fields are present (internal or external). In the
case of polar nitride-based structures, the effect arises due to the internal
polarization fields (Chapter 1.1.4), which bend the conduction and valence
bands, thus spatially separating electrons and holes in the direction
perpendicular to the QW plane. The negatively charged electrons accumulate
on one side of the QW, while the positively charged holes accumulate on the
other side (Fig. 1.13(a) and (b)). This reduces the overlap of carrier wave
functions, the probability of the radiative interband transition and its energy,
as the energy levels shift down. These unwanted effects can be diminished by
designing narrower QWs (Fig. 1.13(c)). In them, a shorter separation distance
gives a better overlap of the wave functions (which in the meantime overcome
a smaller distortion) as the quantum confinement energy levels are raised
higher and do not fall into triangular potential minima that originate from the
tilted energy potentials.

F=0

S St

N a

Fig. 1.13. First energy levels of electrons and holes and their wave functions: in a
wide QW without internal fields (a), in a wide QW with internal fields (b), and in a
narrow QW with internal fields (c). Adapted from [157].

E,

Internal polarization fields can be screened at high carrier densities, which
cancels the bending of the potential in a QW. This can be observed as a
blueshift of the radiative emission spectra with increasing the excess carrier
density, either by photoexcitation or by the electrical driving current.
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2. EXPERIMENTAL

2.1. Measurement techniques and equipment

A few complementary nondestructive measurement techniques were used
to thoroughly investigate the absorption/emission properties and non-
equilibrium carrier dynamics in samples.

The main laser system used in the experiments was PHAROS, with 1030
nm (~1.2 eV), a 30 kHz repetition rate, and 250 fs pulses. To set the desired
excitation wavelength, these pulses were passed through the ORPHEUS
optical parametric amplifier (OPA), capable of changing the wavelengths in
the range from 600 to 2600 nm, then frequency-doubled with the second
harmonic generation crystal (SHGC). The resonant excitation of the active
layers was performed with ~390-392 nm (~3.18-3.16 eV) pump pulses, which
were chosen considering that they exceed the energy of the QW states that
participate in the absorption, but do not reach the energy required for the direct
absorption in other layers.

For the delay in time resolved pump-probe experiments a fast AEROTECH
PRO165LM linear motor stage was used, having the ability to move with a 1
um accuracy and reach movement speeds of up to 2 m/s.

All measurements were performed at the Institute of Photonics and
Nanotechnology, Vilnius University, Lithuania.

2.1.1. Time-integrated photoluminescence and IQE measurement

Time-integrated photoluminescence (TIPL) is one of the basic material
characterization techniques, in which emission from an excited sample is
registered. Throughout the entire set exposure time, a spectrometer constantly
collects light, emitted after each incident laser pulse, therefore a time-
integrated spectrum is recorded. This relatively easy and quick technique
provides valuable information about the spectral distribution of emission.

The TIPL setup used in this work is presented in Fig. 2.1. The tuned laser
pulse is passed through a gradient filter, with which the excitation energy
density throughout the experiment is changed, then through a shutter, which
can be closed to measure the background, then it is focused with a lens on a
front side of the sample. For calibration of the internal quantum efficiency, a
sample is positioned inside an integrating sphere (SphereOptics, 6 inch
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diameter) and emission is collected through a small aperture on the side of it,
where an optical fiber that guides light to the spectrometer (AvaSpec ULS
2048, with a 300 lines/mm grating) is placed. In other measurements, light
emitted from the sample (placed outside the integrating sphere) is collected
with a lens in front of the sample (front-face configuration), and then focused
onto the fiber, which guides light to the spectrometer. The front-face
configuration allows the collection of PL spectra in a wider range of
excitations, since the spectrometer is not saturated by the scattered relatively
intensive laser line at lowest (where long exposures are needed to collect the
weak PL signal) and highest excitations.

“PHAROS" SHGC
=250fs |,| OPA
=30 kHz “ORPHEUS"

390-392 nm

Gradient filter 1D

Fig. 2.1. Schematic of a TIPL setup
with an integrating sphere.

Sphere

Lens Shutter

Avantes” | | PC
spectrometer

The most direct way to evaluate IQE of a sample is to calculate the exact
ratio between the emitted and absorbed photons. This is done with the help of
the integrating sphere — all light that enters it and is scattered and/or emitted
by the sample is reflected from the inner surface, coated by barium sulphate
(BaSOq, reflectance >95% in the visible range). After multiple reflections, a
homogeneous light distribution throughout the entire sphere is reached. A
small part of this light is reflected from a baffle into a small aperture located
beneath it. A fiber, positioned at this aperture, collects reflected light and
guides it to the spectrometer, which measures the spectral intensity
distribution.

In the simplest case, one can evaluate IQE by measuring two spectra: one
with an empty integrating sphere and on with a sample placed inside.
However, it is more accurate to use the three-measurement approach presented
by Leyre et al. [158] which additionally takes into account the sample’s
indirect absorption of the scattered/reflected excitation pulse. In this method,

53



three spectra are measured: one without a sample in the sphere (1), one with a
sample in the sphere but out of the way of the incident laser beam (II), and
one with a sample in the sphere and in the path of the laser beam (111). The
spectra are divided into two components: L is the region of incident radiation
and P is the region of luminescence. In the former component, the quantities
are: La is the number of photons in the incident radiation region detected in
spectrum | (total intensity of a laser beam), Ly, is the number of photons in the
incident radiation region in spectrum Il (intensity of a laser beam after the
indirect absorption in the sample), and L. is the number of photons in the
incident radiation region in spectrum Il (intensity of a laser beam after the
direct and the indirect absorption in the sample). In the second component, Py
is the number of photons in the luminescence region in spectrum Il (intensity
of luminescence from the indirect absorption) and P. is the number of photons
in the luminescence region in spectrum 111 (intensity of luminescence from the
indirect and the direct absorption). A schematic overview of these quantities
is shown in Fig. 2.2.
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Fig. 2.2. PL spectra of the MQWs sample from this work, used in the three-
measurement approach calculations. Sample T815 from Table 1.

The value of IQE in the three-measurement approach is calculated by using
the following equation:

Pc—(1-Agir)P
IQE = (LT”" 2.1)
The Aqir term here stands for the amount of directly absorbed light,
L¢
Agr =175 (2.2)

b
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2.1.2. Time-resolved photoluminescence

Time-resolved photoluminescence (TRPL) expands the limitations of
TIPL by providing additional information about carrier dynamics and the
ability to monitor how the emission spectra evolve with time. In this work, a
Hamamatsu C10627 streak camera along with an Acton SP2300
monochromator were used for the measurements of TRPL spectra and
kinetics.

The principle of a streak camera is presented in the figure below (Fig. 2.3).
A monochromator, mounted on the front of the camera module disperses the
incoming light, which is then passed through a narrow horizontal slit.
Afterwards, with the help of the optics, the dispersed light is projected onto
the surface of a photocathode placed in a vacuum streak tube. The incident
light on the photocathode is converted into a number of electrons proportional
to the intensity of the light flux. Emitted electrons are accelerated towards a
pair of horizontally mounted sweep electrodes, where a high voltage is applied
at a timing synchronized to the incident light. This initiates a high-speed
sweep of electrons from the top to the bottom. Electrons, which arrive at
slightly different times, are deflected at slightly different angles in the vertical
direction and then enter the micro-channel plate (MCP). There their number
is multiplied several thousands of times, after which they impact against the
phosphor screen and are converted into light again. A CCD camera registers
the resulting image. Its vertical axis gives the time resolution, with the earliest
portion of the optical pulse under study placed in the uppermost position,
horizontal axis gives the spectral resolution, and brightness of each point is
proportional to the studied optical pulse intensity.

SWEEP STREAK IMAGE ON
ELECTRODE PHOSPHOR SCREEN

INTENSITY TIME <  SPACE

BTN i

—]- SPACE

PHOTOCATHODE ACCELERATING PHOSPHOR

SCREEN

Fig. 2.3. Principle scheme of the Streak Tube. Image taken from [159].
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2.1.3. Differential transmission spectroscopy

Time-resolved differential transmission (DT) spectroscopy is a
complementary technique to PL, which allows monitoring of the changes in
the occupancy of the electronic states that contribute to PL signal as well as
of the ones that do not. Thanks to this, interesting features such as carrier
redistribution between these states can be observed, giving a deeper insight
into the overall recombination process.

When a probe, composed of different energy photons (the white probe)
passes through an unexcited sample, some of the photons that have enough
energy to complete the transitions between the valence band (Ey) and the
conduction band (E;) are absorbed (Fig. 2.4 left). Absorption may also occur
between the localized states, which are present in the Il1-nitride materials, or
other energy levels. This alters the initial spectral distribution of the probe,
with the changes resembling the DOS function. The picture changes when
prior to the contact with the probe beam, the sample is excited by the incident
laser pulse. Absorption of the latter lifts the electrons from the valence band
to the conduction band, leaving behind holes. The energy difference between
the bandgap and photons determines how high the carriers are lifted in the
corresponding bands. Shortly after the excitation (typically on the order of
several picoseconds), the non-equilibrium carriers thermalize and populate the
lowest possible energy states, which are determined by a product of a DOS
function and a Boltzmann distribution (or a Fermi-Dirac distribution if carrier
density is high). The occupation of these states prohibits further absorption
within them. Hence if a white probe passes through the sample after its
excitation, the photons that otherwise would be absorbed in an unexcited
sample, pass through unabsorbed (Fig. 2.4 right). The principle of the DT
technique lies in recording of these changes in the transmission of the probe
beam (Fig. 2.4 bottom). The use of the white probe in the experiment provides
the spectral resolution, while the temporal resolution is achieved by varying
the delay between the pump and the probe beams. The time resolution is
mainly limited by the duration of a laser pulse, meaning that in the used system
observation of sub-picosecond processes is possible.

The DT signal (measured in OD — optical density — units) is given as a
logarithm of the ratio between the intensities of a probe beam, transmitted
through an unexcited sample (T,(1)), and a delayed probe beam, transmitted
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through an excited sample (T, (4, t)), at a given wavelength 4 and a delay time
t:
To (1)
T(4t) = log (Tp(—(m) 2.3)
A negative signal sign indicates the absorption bleaching, i.e. absorption of a
probe decreases, while a positive stands for the opposite process — induced

absorption.
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Fig. 2.4. DT principle scheme. For the sake of simplicity, it is assumed that the initial
white probe spectral distribution has a rectangular shape.

In the DT setup used in this work (Fig. 2.5), the laser output beam is split
into two, with one of them serving as a pump beam and another as a probe.
The former is tuned and then passed through a chopper so that it can be
periodically closed to measure the transmittance of a probe with excitation and
without it; afterwards, the pump is focused onto a sample. The probe beam is
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passed through a shutter, which can be closed for the measurement of the
background, then frequency doubled, reflected on the retroreflectors on a
mechanical delay line, and then passed through a sapphire crystal, where a
white light continuum is generated (with spectral range from ~360 to ~530
nm, corresponding to ~3.44 and ~2.34 eV). The latter is directed with
parabolic mirrors onto the sample, after which transmitted light enters a
spectrograph (Andor Shamrock) through a narrow slit. Collected light is then
dispersed with a 300 lines/mm grating and projected onto a CCD camera. A
Harpia system (Light Conversion) is used to acquire data.

Shutter Delay line

“PHAROS" SHGC y

1,=250 fs |:

=30 kHz .
3=1030 nm 4 >apphire

—{ N
OPA } I
“ORPHEUS”
Spectrograph
pc || DT data

acquisition system

Fig. 2.5. DT setup scheme.
2.1.4. Free carrier absorption

Free carrier absorption (FCA) experiment relies on the differences of the
probe beam absorption like in the DT experiment, but in a distinct way. When
electrons and holes are excited to conduction and valence bands, respectively,
they can absorb light that is of much lower energy than the bandgap of the
material under study. That is, free carriers can be excited within their
respective bands. The longer the wavelength of light, the more probable this
process is as the conservation of the momentum eases. The absorption
coefficient of free carriers depends on their density

Aapca(t) = oepAN(E), (2.4)
where o, = o, + oy IS the cross-section of absorption by a single free
electron-hole pair. Because of this, the intensity of the transmitted probe beam
is directly related to the non-equilibrium carrier density. Thus, by delaying the
probe beam with respect to the pump beam, free carrier decay can be
monitored. The transients are plotted as
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T(t) = ln( Ty ) 2.5)

Ty ()
where T, is the intensity of the transmitted probe when no excitation is
present, T, (t) is the intensity of the transmitted probe after the excitation at a
given delay time.

The experimental scheme for FCA is basically similar to the DT scheme
shown in Fig. 4.5. The main differences are that for a probe beam, instead of
a SHGC, an OPA is used, which tunes the wavelength to 1.65 um (0.75 eV),
and there is no sapphire crystal in its further path. Since the experiment does
not provide the spectral resolution, an InGaAs detector is used instead of a
spectrograph to measure the intensity of the transmitted probe beam. During
the measurements, samples were aligned at the Brewster’s angle with respect
to the probe beam to lessen the latter’s interference effects.

2.1.5. Light-induced transient gratings

Light-induced transient gratings (LITG) is a unique measurement
technique, which provides means to observe non-equilibrium carrier
recombination and diffusion simultaneously. The principle lies on the
excitation of the sample by an interference field of two short coherent pump
pulses, creating a transient spatially modulated free carrier pattern. This
pattern modulates the refractive index, acting as a decaying diffraction grating,
and diffracts the incident probe, for which the material is transparent. The
decay of the intensity of the diffracted beam is then registered.

Two coherent beams that meet at the same point in space create a periodic
light intensity field with the distribution, defined as

I(x) =1, (1 + mcos (%ﬂx)), (2.6)
where I, = I; + I, is the total intensity of the incident beams, m = ZI—VfIIZ -
1712

modulation depth of the interference field, A — its period. The latter depends
on the wavelength A of interfering beams and an angle @ between them (Fig.
2.6):

yl
Zsin(g).

Placing a semiconductor sample in this interference field results in the
generation of non-equilibrium carriers with their density distribution
following the light intensity pattern:

(2.7)
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N(x,z) = Ny [1 + mcos (Z%X)] “exp(—az). (2.8)
Here « is the light absorption coefficient, x — the coordinate along the light
intensity pattern, z — the coordinate perpendicular to the surface of the sample,
No — average density of photogenerated carriers. The last part of the equation
shows how carrier density decreases with the depth of the sample.

21 A
A A=sn©@/2)

Fig. 2.6. The scheme for the
interference of two coherent beams.

x coordinate

Intensity

The periodic distribution of non-equilibrium carriers modulates the
refractive index, creating a diffraction grating. This can be described by the
semi-classical Drude model, in which an electron (hole) in the conduction
(valence) band is a quasi-free particle with an effective mass m; (my,),
oscillating in the electromagnetic field of light [160]. According to this model,
changes in the refractive index An and free-carrier absorption coefficient Aa
are expressed as:

I AN, | ANp\ _

An = ot <_m;; + —m;) = ANngy, (2.9
_ e? AN, | ANp\ _

Aa = T (—m; + mg) = ANao,p, (2.10)

where ng is the refractive index of the material, w — the circular frequency of
light (in this case — the probe beam) and of the resulting carrier oscillation, zq
— the electron momentum relaxation time (the mean time between any two
scattering events), AN — photoexcited carrier density, nen — the refractive index
change caused by a single electron-hole pair, gen — the absorption cross-section
of a single electron-hole pair, e — an elementary charge, & — the vacuum
permittivity. According to these equations, every created free electron-hole
pair reduces the refractive index and increases the free-carrier absorption
coefficient. The effects are stronger when the frequency of light is further
away from the resonant frequency of the material, i.e. in its transparency
region.

The diffraction grating in a material can also be induced by a periodic

temperature modulation (called the thermal grating). The crystal lattice can
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heat up locally with the same pattern as the previously mentioned interference
field. The energy to the lattice can be transferred via the thermalization of hot
carriers, which are created when the energy of the excitation pulse greatly
exceeds the bandgap or due to the free-carrier absorption in a material, or via
the non-radiative recombination including phonons. This results in the
opposite effect, when compared to the non-equilibrium carrier pattern induced
changes, with the increase in the refractive index:

An = SEAT. (2.12)
Thermal gratings are more common at low temperatures, though they can be
seen at room temperature as well [161].

Right after the excitation of the sample with the pump interference field,
the induced grating starts to decay over time (hence the name transient) due
to two processes — carrier recombination and carrier density gradient caused
diffusion. The former decreases the carrier density, while the latter reduces
the modulation depth m of the transient grating. The diffracted probe beam
intensity follows the decay of the transient grating. Since the probe only
partially diffracts, its decay is presented as the intensity ratio 7 between the
diffracted lgir and the transmitted lyans parts of a probe beam (diffraction
efficiency). For a thin grating [150], it can generally be described with a first-
order Bessel function

. = 2

n=1"L =@ = 5| (212)
where i = n + ik is a complex refractive index, d is the grating thickness, 1
is the probe wavelength. The use of a complex refractive index shows that
diffraction gratings can be created either due to the changes in the real part of
the refractive index (n), or due to the changes in the absorption coefficient (ik).
If the function argument ¢ <« 1 (for very small diffraction efficiencies, which
is the case in this work), then the Bessel function can be approximated as

JAGES (2.13)
This simplifies the diffraction efficiency equation:
TAfd|? nAnd\2 Aad 2

n =@ ~ 55 = (55) + (59 @19

If free-carrier absorption in the material is negligible (ad « 1), the second
term in (2.14) can be omitted, further simplifying the equation to

n= ("7 d)z- (2.15)

Combining (2.15) with (2.9) results in
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n(t) o< AN2(¢). (2.16)
As mentioned before, carrier density profile decays due to recombination

processes and diffusion along the grating vector K, = 27” (Fig. 2.6), which can
be described by the following equation [162]:
ONGD) _ p NGD NGO _ g2y 1) — CN3(x,8) + G, £),  (2.17)

at 0x2 TSRH
where D is the diffusion coefficient, G(x, t) — the carrier generation term. If
the latter has the Dirac delta function profile, the analytical solution for (2.17)
is:

N(x,t) = N, [1 + exp (— %) cos (Z%x)] exp (— i), (2.18)

TR
where t, is the grating decay time due to carrier diffusion and 7 is the
recombination time that takes all recombination mechanisms into account.
It can be seen, that density of non-equilibrium carriers in a transient grating
decays exponentially with a characteristic time t:

1 1 1 1 | 4m®D
;—;-l—;—;-{- 2 (219)
Because the diffraction efficiency has a quadratic relation to carrier density

(2.16), T can be extracted from

2t
n(t) « exp (— T—). (2.20)
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Fig. 2.7. LITG decays, measured with 4 different induced grating periods A (9.93 um,
4 pm, 2.91 um, and 2.47 um) at two excitation energy densities in an InGaN MQW:s
sample (tp12 from Table 1) (a), and reciprocal decay times, calculated from the initial
parts of these decays (fitting range marked by grey bands), presented as functions of
1/ A% (b). The black fitting line (lexc= 240 pJ/cm?) corresponds to D = 1.1 cm?/s, & =
4.4 ns, the red one (lexe= 120 pJ/cm?) corresponds to D = 0.6 cm?/s, = = 10.5 ns.
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The equation (2.19) shows, that 7, can be varied by changing the induced
grating period. By doing so, one can separate the influence from
recombination and diffusion processes. By measuring LITG transients
(kinetics) at different induced grating periods A (Fig. 2.7(a)) and calculating

T from them, a% =f (Aiz) graph can be plotted (Fig. 2.7(b)). Fitting its data

with a linear function gives two quantities: an intercept, corresponding to
1/tx, and a slope, corresponding to 42 /D. It can be seen that 7, decreases
with smaller A, which is due to a higher carrier density gradient along the
grating vector Kg, and, subsequently, a faster diffusive decay.

Ina LITG setup (Fig. 2.8) the laser output beam is split into two (a pump
and a probe), just like in a DT setup. A pump beam is modulated with a
chopper (for signal synchronization) prior to the frequency doubling, then
passed through a holographic beam splitter (HBS), where it is diffracted. In
this work, Apps ranged from 10 pm to 40 um. A lens with a focal length f;
collects the diffracted beams, which are then filtered with a spatial filter so
that only -1 and 1 maxima are further allowed. Another lens (f;) directs these
beams onto a sample, where their interference field creates a transient grating.
A probe beam is passed through a shutter, which can be closed for background
measurements, then it is reflected from retroreflectors on a delay line and then
focused on a sample. The diffracted and transmitted parts of the probe beam
are recorded with the corresponding detectors. A single measurement is

performed at two HBS positions, corresponding to 0 and 0 + 1%AHBS:

changed by a stepper motor so as to eliminate the influence of the interference
of a diffracted probe with a coherent background on the detector [161].

“PHAROS” Shutter Delay line
1,=250 fs
=30 kHz
2=1030 nm
v
OPA
“ORPHEUS”
+—+«—<«+— Detector
Data
PC acquisition system

Fig. 2.8. LITG setup scheme.
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A few samples were measured in another analogous LITG setup. In it the
YAG:Nd®** laser with a 25 ps pulse duration and a 10 Hz repetition rate was
used. The third harmonic of the laser (355 nm — 3.49 eV) was shifted to 405
nm (3.06 eV) for the selective excitation of QWs by exploiting the Raman
shift in distilled water [163]. The first harmonic was used to probe the samples
(1064 nm —1.17 eV).

2.2. Consistency between the measurement techniques

Consistency between the measurement techniques was ensured by
carefully measuring the diameters of the excitation beams with the Thorlabs
CCD Camera Beam Profiler. The diameter of each beam was calculated as the
width of the Gaussian beam at its height of I,.qx/e. Throughout the
experimental setups, the excitation spot diameters were kept between 300-400
um, whereas for probing spots with ~3 times smaller diameters were used.
Excitation powers were measured by the OPHIR Nova 2 laser power meter
placed right before the samples.

2.3. Samples under study

In this thesis the investigated samples mainly consist of different sets of
multilayered GaN/InGaN LED-like structures. They were grown in different
MOCVD (metalorganic chemical vapor deposition) reactors by several
separate growers in Virginia Commonwealth University (VCU, USA),
University of Cambridge (CU, United Kingdom), Aixtron SE (Germany),
OSRAM Opto Semiconductors GMBH (Germany), Vilnius University
Institute of Photonics and Nanotechnology (VU IPN, Lithuania), and
University of California, Santa Barbara (UCSB, USA). The full list of samples
is presented in Table 1 along with their most relevant parameters. The sets
include samples: with pulsed or constant growth modes (Chapter 3.5), with
and without intentionally made gross QW width fluctuations [164] (Chapter
3.6), with different types of interlayers (Chapter 3.1), with varying In content
in the active region, with different QW, QB, or cap layer thicknesses, with
varying growth temperatures. One set consists of non-polar m-plane samples
grown on GaN templates (m1-m7), whereas all other samples were grown
along the c-axis on sapphire. Additionally, samples differ in buffer
thicknesses, doping concentrations, presence of EBL, etc., making them truly

64



diverse in parameters. More information will be presented in the
corresponding chapters and/or can be found in the given references in Table
1.

The widths of the quantum wells/barriers and indium contents were
obtained by TEM (transmission electron microscope) or XRD (X-ray
diffraction) measurements, or were evaluated from growth procedures.

Table 1. Samples measured in this work with their most relevant parameters. Where
available, sources are indicated with the corresponding references to learn more about
the samples. Colors roughly match the PL emission.

* — values for the most intense PL peak only.

QW QW QB  QWIn PL
width = periods = width | content peak @ FWHM

Sample eV

name nm count nm % at peak 1QE Source/ Ref.

Vi 2 6 3 23 - 0.14 vcu

V2 2 6 20 - 0.13 VCU

V3 2 6 12 20 - 0.14 VCU[125]

V4 3 6 3 17 - 0.13 vcu

Green 3 5 30 236 0.12 OSRAM [P5]

Cyan 3 5 26 - 0.14 OSRAM [P5]

sQW 4 1 22 - 0.14 OSRAM

Blue 3 5 - 0.11 OSRAM[165]

SampleA 35 5 6 8 - 0.16 IPN [P3]

SampleB 35 5 6 8 - 0.20 IPN [P3]

sample1 35 5 6 8 - 0.12 IPN [P3]

Sample2 35 5 6 8 - 0.14 IPN [P3]

Sample3 35 5 6 8 - 0.16 IPN [P3]

Inl 47 5 18 5.1 - 0.18 AIXTRON [P2]

In2 42 5 18 8.4 - 0.22 AIXTRON [P2]

In3 6 5 18 11.3 - 0.17 AIXTRON [P2]

Ina 58 5 18 132 - 0.17 AIXTRON [P2]

In5 5 5 18 23 - 0.20 AIXTRON [P2]

Quad 35 4 45 15 - 0.12 VCU[166]

Hexa 35 6 45 15 - 0.17 VCU[166]

1T 2.6 10 7.1 18.9 - 0.10 CU[164]

65



Q2T 2.6 10 7.1 17.4 - 0.11 CU[164]
oT 2.6 10 7.1 18 - 0.12 CU[164]
T-bounce 26 10 71 18 - 0.13 CU[164]
s1 31 |5 71 12 - 0.15 IPN [P4]
52 3.7 5 6.6 12 - 0.20 IPN [P4]
s3 31 |5 78 12 - 0.27 IPN [P4]
sS4 3.9 5 7.8 12 - 0.29 IPN [P4]
S5 4.2 5 8.7 12 - 0.27 IPN [P4]
6 4.5 5 7.7 12 - 0.29 IPN [P4]
S8 45 5 12 221 039 IPN [P4]
s7 48 5 9 12 213 044 IPN [P4]
03 41 5 67 105 - 0.16 PN

06 41 5 6.7 10 - 0.17 IPN

p9 38 5 72 95 - 0.15 1PN
tp12 41 5 6.7 10 - 0.17 IPN
p15 41 5 68 9 - 0.15 PN

tp0 38 5 6.6 105 - 0.14 IPN
T810 38 5 66 10 - 0.13 IPN
1815 38 5 66 10 - 0.13 IPN

Wi 1 8 12 25 - 0.14 ucsB
W2 1 8 12 25 - 0.14 ucsB
w3 2 8 12 25 - 0.14 ucsB
w4 27 8 12 25 - 0.13 uCsB
W5 4 8 12 25 l269x 015  UCSB
m1 82 3 88 133 [JO08N 027  UCSB
m2 82 3 g8 92 |G 010  ucss
m3 68 3 88 131 [B08 015  UCSB
m4 78 3 88 104 [BO8M 023  ucsB
m5 82 3 148 132 - 0.21 uCsB
m6 45 3 148 135 - 0.29 uCsB
m7 45 3 148 135 - 0.25 ucsB

A typical LED structure grown on a sapphire substrate (Fig. 2.9) consists
of a low temperature GaN buffer layer, followed by a few microns thick high-
temperature GaN buffer layer, with its top part n-doped to serve as a contact
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for a negative terminal in a full device (a cladding layer). Subsequently, an
interlayer is usually grown, which can be a staircase electron injector (SEI)
[P1] [127] to cool the electrically injected hot carriers, a superlattice [P3] or a
bulk prestrain layer [167] for strain modification in the QWSs, or another type
of layer. A periodic structure of quantum wells and quantum barriers is then
deposited, which is usually followed by an AlIGaN EBL. On top, a protective
p-GaN cap layer is formed, serving as a positive terminal contact. Based on
other intents, LED structures can differ in the design with the incorporation of
additional layers. Note that in the picture below, buffer and cap layers are not
indicated as n- or p-, because not all structures were intentionally doped. The
sequence of layers in non-polar structures are similar, except for different
substrates used.

GaN cap
EBL

Active layer
(QWs)

Fig. 2.9. Typical structure of samples
presented in this work.

Interlayer

Sapphire
(Alzoa) LT buffer
substrate

2.4. Absorption of the excitation pulse in a u-GaN buffer and active layers
of the structures

Many authors evaluate PL IQE in nitride-based quantum structures by
assuming that at near 0 K temperatures non-radiative recombination, which is
supposedly thermally activated, vanishes, and that IQEs peak at 100% [66].
Then a room temperature IQE is simply the ratio of the PL intensity at RT and
the PL intensity at low temperature. However, there are no straightforward
proofs verifying that non-radiative recombination channels can be fully
suspended at 0 K [168]. What is more, this assumption can be fundamentally
wrong, because the absorption can happen with the involvement of the defect
levels — it is then likely that the excited carrier is already trapped in the defect
state, which will eventually be freed by a non-radiative recombination process.

The most direct way of evaluating the IQE is the three measurement
approach (Chapter 2.1.1). However, it works well for individual layers, where
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absorption is uniform throughout the entire thickness. In the case of
multilayered heterostructures like LEDs, the situation gets more complicated,
since absorption of incident light may take place in layers other than the active
one, where the IQE is supposed to be measured. Not only the latter procedure
is burdened by the unwanted light emission from other layers, it becomes
difficult to correctly estimate the amount of directly absorbed light Agir, which
leads to an underestimation of IQE. Tuning the pump wavelength for the
selective excitation of QWs partially resolves this problem, as the interband
absorption in other layers can be prevented, however absorption through
defects remains active. Transitions can occur between the valence band or a
shallow/deep acceptor and a deep/shallow donor, or between a shallow/deep
acceptor and the conduction band. The presence of such energy states within
the bandgap can be evidenced by characteristic yellow or blue luminescence
bands [39,169] [P1].

The interband transitions are generally much more frequent than the
defect-assisted transitions, and the latter are relatively negligible in thin layers,
such as the selectively excited QWSs. However, in a thick layer, such as an
unintentionally doped GaN buffer, the amount of light absorbed with the
assistance of defects can be quite high. Therefore, to evaluate this amount,
several selected structures from this work were etched by the reactive ion
etching (RIE) with Cl, plasma to remove the top-most layers, including the
cap, the active layer and the interlayer, leaving only the u-GaN buffer on
sapphire. What is important is that knowing the correct amount of light that
the active layer absorbs not only allows the correct estimation of IQE, but it
also enables the evaluation of the absorption coefficient, which can be used
for calculation of distinct carrier densities in samples without solely relying
on literature values. This way, carrier density-dependent processes can be
directly compared.

Prior to the etching, samples were split in half so that one part could be
etched and another part would be left unmodified in order to compare them
later. The etching rate of ~6 nm/s was estimated from a reference sample,
where 75 s of etching resulted in a removal of ~450 nm of the topmost
material. The other samples were then etched for 20 s resulting in a total
thickness of the removed material to be ~120 nm, just enough to expose the
GaN buffer. It is assumed that the quality of the surface did not change after
the etching since light scattering did not increase.

The light absorption measurements were carried out in an integrating

sphere, following the steps of a three-measurement approach. Samples were
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tested for any residual photoluminescence from the QWs to make sure they
were completely removed. After that, total collected intensities of the
excitation pulses were compared. In Fig. 2.10 it can be seen that after the
incident 392 nm pulse passes through an etched sample, its intensity is higher
(black dashed line) when compared to the case where light is passed through
an unetched sample (black solid line) by an amount that the top layers (mostly
QWs) absorb. However, the direct absorption still takes place in the remaining
structure, which is evidenced by the increase of the laser line intensity when
the etched sample is moved out of the way of the incident light (dashed blue
line). Note that during the experiment it was ensured that light reflected from
the sample surface remains inside the integrating sphere, therefore the
reflection is included in the collected excitation pulse intensity in all cases.

Energy (eV) Fig. 2.10. Excitation pulse spectra with

3.18 S R R the unetched (solid lines) and etched

1 (dashed lines) parts of the sample
N 1 (Sample A from Table 1) present in the

/ - integrating  sphere.  Black lines

Unetehed sample in the way (7. ) 1 correspond to spectra when the sample is

Unetched sample out of the wa (LU) . R .

L Fied sample n the Way(Lc\\ m the way of the excitation pulse, blue

- ;j’%tchcd sample out of the way (L) -{  lines correspond to the spectra when the
| Il L T

390 392 394 sample is out of the way.
Wavelength (nm)

(o)
T

S
T

Signal (arb. u.)
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The calculations in four etched structures show that ~5% of the incident
392 nm laser pulse intensity is in a 3 um thick u-GaN buffer layer (Fig. 2.11).
This becomes very important when evaluating IQEs in thin or weakly
absorbing active layers. An example of this is a single QW structure (SQW in
Table 1), which absorbs only 8% of the total light trapped inside the
integrating sphere. This leads to the modification of Eq. (2.1) and Eq. (2.2) by
subtracting the amount of directly absorbed light in a buffer layer Ag;;..
[P5]:

Lcu Lce

Adireff = Agir — AdirGaN = a - E: (2.21)
Pe—(1=Aqgir,)Pb

La(Adireff)
The quantities in these equations are as follows: L is the intensity of the
excitation pulse when the unetched sample is in its way, Ly, is the intensity of

IQE = (2.22)
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the excitation pulse when the unetched sample is out of its way, L., is the
intensity of the excitation pulse when the etched sample is in its way, and L,
is the intensity of the excitation pulse when the etched sample is out of its way
(Fig. 2.10). This modification increases the evaluated efficiency in the said
SQW structure by ~2.7 times.

Fig. 2.11. Scheme of a 392 nm excitation
pulse attenuation in a multilayered
GaN/InGaN structure. ~25% of the incident
pulse is reflected back into the integrating
sphere, with ~5% lost in the u-GaN buffer
layer.

3umu-GaN QW
2 O

(o8 e}

Integrating sphere

The absorption coefficient @ for u-GaN can be calculated using the
exponential absorption law

I =0.751, — Al = 0.75Iyexp(—ad), (2.23)
where d is the thickness of the layer, I, — intensity of the incident laser
pulse, Al — loss of the laser pulse in the layer, equal to Ay, - The 0.75
multiplier in the equation is due to the reflectance of the incident laser pulse,
which was measured to be ~25%. A rough estimation in a GaN-sapphire
heterostructure with refractive indicesn =1, n = 2.6, and n = 1.8 for air, GaN,
and sapphire, respectively, yields ~26.8% reflectance when light attenuation
is not included. The reflectance from GaN alone is estimated to be ~19.8%.
Therefore the measured reflectance is probably not only from the surface, but
from other boundaries within the sample as well. Since these different values
only negligibly alter the results, the measured value was used. The estimated
absorption coefficient for the 392 nm laser pulse in 3 um u-GaN is
225 cm?, which is in good agreement with the 200 cm™ value for the 400 nm
laser pulse, obtained in [170]. A similar value was estimated from the
measurements in the as-grown 2 um thick u-GaN layer (Fig. 2.12). For u-GaN
layers with thicknesses ranging from 4.8 to 25.5 um, the absorption coefficient
appears to be smaller, probably due to a better crystalline quality and a lower
density of defects in overgrown GaN [171]. Therefore, in the case of a
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relatively thick underlying u-GaN layer, smaller absorption coefficients may
need to be used. As for the n-GaN underlying layers, the absorption coefficient
should not differ much, since u-GaN layers themselves are usually n-type,
with the density of impurities on the order of ~10'" cm™. Furthermore, the
defect-assisted transitions related to yellow luminescence should be mostly
influenced by the acceptor type impurities, which create deep levels in the
bandgap [39].

————
r o 3uminan q
200 o Et;hed sample 7 Fig. 2.12. Absorption coefficient in
200 - different thickness u-GaN layers,
150 | including one from an etched sample.
g - 48um 17 pm i
s | o o ]
50 25.5 um _|
I o
0 L L MR | L L

1 10
u-GaN thickness (um)

One of the etched samples had only some of the p-GaN cap layer removed
(~120 nm) as evidenced by the unchanged luminescence intensity from QWSs,
which resulted in a ~1.34% drop of the direct absorption of the laser pulse in
this sample. It allowed a rough estimation of the absorption coefficient in
p-GaN of ~1.5x10% cm™. It meets the idea that p-GaN should absorb more
light than u-GaN due to a higher density of acceptors. However, more
measurements should be performed for clarification, and with the assumption
that p-GaN layers are sufficiently thin, absorption in p-GaN was not taken into
account in this work in IQE calculations.

The absorption coefficients of the active layers of the samples were
calculated in the same way as in u-GaN by taking the sum of all QW widths
in the structures as d (Fig. 2.13). The essence of absorption coefficient
evaluation is that carrier densities can be calculated individually for different
samples, which allows a direct comparison of carrier density-dependent
processes. The complex nature of absorption in InGaN QWSs, where
localization, excitonic effects, and energy levels due to the quantum
confinement have to be taken into account, results in the scattering of « in the
range of the order of the magnitude, with values of 2.6x10* cm™ and 4.1x10°
cm® obtained in samples with the smallest and largest absorption coefficients,
respectively. This means that for the same excitation energy density, carrier
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density can vary nearly as much in different samples, even though they can

have the same PL emission wavelength.
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Fig. 2.13. Calculated absorption
coefficients « for 390-392 nm excitation
pulses (indicated by a blue line) in the
samples from this work vs PL peak
wavelengths at the corresponding droop
onsets (carrier densities where IQEs
peak). Red interior marks m-plane
samples.
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Knowing the individual absorption coefficients it is possible to calculate
the actual non-equilibrium charge carrier concentrations at different excitation
energy densities. This was done by using the expression

N = Ia

-exp(—ad), (2.24)

hvpump
where | is the excitation energy density that reaches the active region of the
structure (without the 25% reflection from the surface and other boundaries
within the sample), vy,mp, —the frequency of incident photons, d —the overall
thickness of QWs in the active layer. It should be noted that charge carrier
density should be the same in all the QWs that constitute the active layer, as
the exponential decrease of intensity changes negligibly after passing through
it.

To sum up, the absorption in u-GaN takes place even if the pump
wavelength does not exceed the bandgap, due to absorption in defect states. A
3 um thick u-GaN buffer layer in the structures from this work absorbs ~5%
of the incident 390-392 nm laser pulse trapped in an integrating sphere,
resulting in a 225 cm™ absorption coefficient. This has to be taken into account
when calculating IQEs in multilayered QW structures by using the three-
measurement approach. Knowing the correct amount of light that the active
layers absorb, the absorption coefficients can be evaluated, which allows a
precise calculation of carrier densities for individual samples, thus allowing a
direct comparison of carrier density-dependent processes.
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3. RESULTS AND DISCUSSION

3.1. Enhancement of quantum efficiency in InGaN quantum wells by using
a superlattice interlayer

GaN-based structures for LEDs are predominantly grown on sapphire
substrates, as they are much cheaper and more abundant than GaN substrates.
However, there is a large mismatch between the lattice constant and thermal
expansion coefficient of GaN and sapphire, which results in a considerable
strain and, consequently, a large amount of dislocations and high internal
electric fields that quench the IQE. Several technological modifications have
been developed for strain management and dislocation density reduction, such
as use of low temperature buffer layers [17,171], SiO. masks with the
openings for overgrowth [172,173], interlayers of varying In content [P1], or
short period superlattices (SL) [174]. It has been demonstrated that the latter
increase IQE [175,176] and reduce PL peak shifting with increasing the carrier
injection [174] due to supposedly smaller defect density and lower internal
electric fields.

This chapter presents the effects of a SL insertion through analysis of
carrier dynamics in two similar MQW structures on 3 um sapphire substrates,
grown with (Fig. 3.1) and without a SL (Sample A and Sample B
correspondingly, see Table 1). The superlattice consists of 8 periods of
INo.0sGao0.0aN/GaN heterostructures of ~32 nm total thickness; such a structure
was an optimized result obtained from several growths. The active regions
comprise five 3-4 nm wide Ing.1GaosN wells, separated by 6 nm GaN barriers.
As expected, increase in IQE is achieved in the structure with a SL, which is
explained by the reduction of the internal electric fields and carrier
delocalization.

Fig. 3.1. Schematic of Sample A (with

MQWs a short period superlattice).

3-4 nm In,,Ga, N/
6 nm GaN
- GaN spacer
1 SPSL ~2nm
2 nm GaN/
2 nm In,,,Ga, N
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Fig. 3.2(a) shows the IQE as a function of photoexcited carrier density.
Both IQE curves reveal the typical features of “efficiency droop” in InGaN
QWs: IQE value increases up to carrier densities of (1-3)x10%° cm= and starts
to decline at higher excitations. The insertion of a SL results in a threefold
increase of the peak IQE value (30% in Sample A versus 10% in Sample B)
and a much “flatter” IQE vs excitation curve. Meanwhile, a rather large
blueshift of PL peak position with excitation is observed in Sample B (170
meV), compared to the shift by 40 meV in Sample A (Fig. 3.2(b)).
Consequently, the full width at half maximum (FWHM) of PL spectrum in
Sample B is considerably broader at high excitations, while at low ones the
FWHM values are similar in both structures (Fig. 3.2(c)). Different blueshift
and emission wavelengths can be attributed to the effects of the internal
electrical field. A larger blueshift with excitation indicates a stronger internal
piezo electrical field in Sample B due to a larger strain, while the much shorter
emission wavelengths at high carrier densities point out to a smaller indium
amount in this structure. Reported strain relaxation due to the SL [174] and
slower indium incorporation in the compressively strained QWSs [177] support
the latter assumption. In addition, TEM and XRD data (not shown here)
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suggest that QW growth rate is larger in the more strained structures. As a
result, thinner QWSs with a higher In content can be expected in Sample A,
which is favorable for higher IQE [178,179] and a smaller efficiency droop.
The impact of the internal electrical field, however, cannot fully account for
the differences in IQE, especially at high carrier densities. Also, a large PL
peak shift can be caused by saturation of localized states at the low energy
side of the PL spectrum [180-182] [P2].
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Fig. 3.3. (a) FCA kinetics in Sample A at various excitations. (b) Instantaneous carrier
lifetime at 90-200 ps delay as a function of photoexcited carrier density [P3].

Time-resolved FCA, PL, and DT measurements were carried out for a
direct observation of carrier dynamics and discrimination between the
radiative and non-radiative recombination pathways. FCA technique allowed
determination of the average lifetime of the net carrier population, while DT
provided complementary information on temporal changes in the occupancy
of particular states. Fig. 3.3(a) shows the FCA kinetics recorded in Sample A
for various excitation energy densities within 30+890 pJ/cm? range. The peak
amplitude of the transients increases linearly with carrier density within the
entire excitation range, thus confirming linear increase of photoexcited carrier
density and the absence of absorption bleaching. Precise calibration of carrier
density N and density-dependent recombination constants of “ABC” model
[102] (standard ABC model is presented in Chapter 3.7) are feasible under
these conditions. For the sake of estimation simplicity, instantaneous decay
times at the very initial part of the kinetics (within 90-200 ps after the pump)
were calculated as functions of N (Fig. 3.3(b)). These dependencies revealed
close-to-linear decrease of the lifetime with excitation, which may be
attributed either to the increase of the radiative recombination rate
(1/traa~BraaN, With Brag being the radiative recombination coefficient) or
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to the diffusion-driven non-radiative recombination after carriers escape from
the potential minima and are captured by traps [120], which can be expressed
by a non-radiative recombination rate A(N) = B,,,-N. If both processes take
place simultaneously, only a part of total density-dependent recombination
rate can contribute to the radiative decay, i.e. B* = B,q4 + By, In agreement
with previous observations [122,183].

The described model was applied for the analysis of the excitation-
dependent carrier lifetime. Following the standard ABC model, the constant
non-radiative recombination coefficient A (or the excitation-independent non-
radiative lifetime tyr = 1/A4) and the effective recombination coefficient
B*~1/N can be obtained from the fitting of the decay time
T=(A+B*N+CN?)™%;, here, C is the Auger recombination term.
However, in this study it was chosen not to use the Auger term, which should
be important only at carrier densities well above 10*° cm. For both samples
Tyr = 1/A =~ 35 ns was estimated from TRPL transients at long delay times
(>30 ns); this term is dominant at carrier densities below 10* cm™. The values
of recombination coefficient B* were estimated from Fig. 3.3(b) as 0.8x10!
cm®/s and 2.4x10** cm®/s for samples B and A, correspondingly. The ratio of
three between the B* as well the IQE values agree quite well for these samples,
suggesting that competition between the radiative and non-radiative processes
varies with excitation and depends on each sample’s structural quality. On the
other hand, different IQE values may be a consequence of different density of
carriers contributing to the radiative recombination. The measured IQE curves
were fitted with the modified AB*C model:

— BraaN
IQE - A+(Brad+3nr)N (31)

To better account for the IQE droop, saturation of By,g With excitation due
to the phase-state filing was included [184]:

Broa = —xw (3-2)

Here, By is the unsaturated recombination coefficient and N* is the threshold
carrier density of saturation. B* = B,.,4 + By, = const was also assumed
since FCA measurements showed no saturation of the net B* term. A good fit
of IQE curves was obtained under these assumptions, without adding the
Auger term (Fig. 3.4). Eq. 3.1 allowed obtaining exact absolute 1QE values,
while the standard ABC model with C term of 2x103! c¢mf/s yields an
overestimated IQE. Fitting parameters were as follows: 1/A=26 ns,
B=2.4x10"1 cm®s, N"=9.4x10¥ cm?3, Be=0.9x10" cm?¥s (Sample A);
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1/A=15 ns, B™=0.8x10" cm®s, N"=20x10'° cm?3, B¢=0.11x10"" cmd/s
(Sample B). Net B* values were taken from the fit in Fig. 3.3(b). Analysis of
Eqg. 3.1 shows that the peak IQE value is governed by the ratio of Brag/Bn: this
ratio is 0.6 and 0.16 in samples A and B, which correlates with 1QE peak
values of 30% and 10%. The efficiency droop, according to the modelling
results, occurs due to the expected saturation of Brq [185] and predominantly
due to the increase of By [121,122]. The initially constant A term, being
relatively small in the samples, has impact only at lower excitations. Different
values of radiative recombination term By.g in Samples can be attributed to the
guantum confined Stark effect: stronger electrical field results in a larger
separation of the electron-hole wave functions and a smaller radiative
recombination rate in Sample B. It should be noted that N* values can also be
affected by the electrical field, since it is not accounted for in the simplistic
model (Eg. 3.1).

BN 41 1 AR A1 A A
"o sampleB | Fig. 3.4. Fitted IQE curves using the
‘ i modified AB*C model (Eq. 3.1) [P3].
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To assess the physical reasons behind the lower radiative recombination
rate in Sample B, PL and DT spectra at various excitations and delay time
instants were compared (Fig. 3.5). DT signal has a negative sign indicating
the bleaching of absorption in the bandgap vicinity. A shift between the
spectral positions of DT and PL spectra indicates that absorption takes place
in the higher energy states (presumably — in the extended states of QWSs), then
carriers relax to the low energy localized states, where the radiative
recombination occurs. An overlap between DT and PL spectra pointed out to
the most efficient spectral range of carrier transfer from high to low energy
states. This process may influence the PL efficiency, since the PL efficiency
from the high energy states is low if compared to that from the localized low
energy states [60]. At 46 pJ/cm? excitation (corresponding to 6.2x10% cm
carrier density), the shift between PL and DT spectra is 25 nm (150 meV) and
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31 nm (200 meV) in samples A and B, correspondingly. Larger separation
between the absorption and PL peaks results in smaller IQE in Sample B,
especially at lower excess carrier densities. With increasing the excitation, PL
spectra broaden as the localized states get saturated and the fast PL transients
point to emission from the higher energy states. This broadening is larger in
Sample B (Fig. 3.2(c)), pointing out to the lower density of localized states in
it with respect to Sample A.
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Fig. 3.5. Time-integrated PL spectra at various excitations (top figures, excitation
range is indicated on the plot) and DT spectra at 46 pJ/cm? excitation and various
delay times (bottom figures) in samples with SL (a) and without SL (b) [P3].

Stronger carrier localization in Sample A is further evidenced by the
dependence of the diffusion coefficient D on carrier density (Fig. 3.6). D is
equal to 0.5 cm?/s and 1 cm?/s at carrier density of 1x10%° cm™ in samples A
and B, correspondingly. It increases with excitation in both samples, but the
increase is more pronounced in Sample B. LITG gives the ambipolar diffusion
coefficient, which under the used experimental conditions is proportional to
the hole mobility [144]. Higher mobility of free carriers (holes) in Sample B
are explained by a larger part of free carriers occupying the extended states in
QWs, as compared to Sample A. With increasing the excitation, a relatively
larger part of carriers are being transferred to the extended states, and this is
reflected in the asymmetrical broadening of DT and PL spectra towards the
higher energies. A similar effect has been reported previously [122].
Therefore, it can be suggested that larger increase in D value is also a signature
of faster non-radiative recombination and, thus, lower IQE at high excitations.
Delocalization of presumably holes and a subsequent increase of non-radiative
recombination of carriers with increasing density is the physical origin of the
term B, and a possible reason for the efficiency droop.
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In summary, a detailed investigation by all-optical techniques with time
resolution was employed to analyze the physical origin of the droop and the
improvements that the use of a short-period superlattice interlayer provides. It
was found that the insertion of the SL results in a lower strain and smaller
internal electric fields in the above grown MQWs. Furthermore, weaker
delocalization was achieved, and as an inverse correlation between the IQE
values and the carrier diffusion coefficient has shown, it has a crucial
influence on the IQE and its droop. The combination of these improvements
yielded a threefold increase in the peak IQE. A simple model based on the
modified AB*C rate equation with the excitation dependent non-radiative
recombination at the defects term was used to account for the increasing rate
of non-radiative recombination with excitation. With the addition of the
saturation of the radiative recombination coefficient due to the phase-space
filling, it successfully described the IQE droop.

79



3.2. Impact of carrier localization and diffusion on photoluminescence in
highly excited InGaN structures for cyan and green LEDs

Localization of charge carriers is of crucial importance to InGaN light
emitting devices since it governs carrier transport and ensures high radiative
efficiency, a fact clearly evident from the previous chapter. Role of carrier
localization becomes stronger with the increasing indium content since it is
accompanied by a larger disorder in the distribution of indium atoms [93]. On
the other hand, higher indium content also results in higher strain, stronger
internal electric fields, and larger defect densities. Stronger carrier localization
can further separate the carriers from the defect states, but it may also result
in the decrease of the radiative recombination coefficient [93,186] due to non-
correlated potential fluctuations of valence and conduction bands and a
smaller overlap of electron and hole wave functions [74,156]. Carrier
localization can also alter non-radiative recombination (SRH and Auger) rates
[186,187]. An opposite process of carrier delocalization takes place at high
temperatures and/or carrier densities, which increases carrier mobility and
non-radiative recombination rate leading to the onset of efficiency droop at
carrier densities that are lower than those required for Auger recombination
[120,122,188].

In this chapter, the impact of localization to carrier dynamics is studied by
analyzing the time and excitation-dependent spectra of photoluminescence
and absorption, as well as diffusion coefficient, provided by TIPL, TRPL, DT,
and LITG techniques. Concerted application of PL and DT enables monitoring
the electronic transitions in both the localized and extended states, while LITG
allows overcoming a certain limitation of SNOM (scanning near-field optical
microscopy) and confocal microscopy, were only a product of the carrier
diffusion coefficient and the carrier lifetime — carrier diffusion length — can be
measured [189-191]. An untypical redshift in PL peak position is revealed,
which increases with time and carrier density and cannot be related neither to
band gap renormalization nor to the electric field dynamics. Based on the
analysis of DT and PL data, the shift is attributed to a slow relocalization of
carriers from shallower to deeper potential minima. It is shown that carrier
diffusivity increases with density due to delocalization and that there is a
correlation between the growth of diffusivity and the onset of the efficiency
droop.

The studied samples are two InGaN/GaN multiple quantum well (MQW)

LED structures that emit light in the cyan and green spectral ranges with
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characteristic peak wavelengths of 500 nm and 530 nm (hereafter, the
structures are referred to as ‘‘cyan’ and ‘‘green’’, respectively; for more
information see Table 1). The samples consist of a standard sequence of LED
epilayers: a buffer layer (unintentionally doped GaN), a moderately n-doped
GaN:Si current spreading layer followed by a highly n-doped GaN:Si contact
layer, an active layer consisting of a stack of five InGaN QWs with 3 nm wide
wells (with an indium content of ~26% for cyan and ~30% for green
emission), separated by GaN barriers, and a p-doped AlGaN:Mg EBL as well
as a p-type GaN:Mg contact layer on top. Since the growth processes and layer
structures of both samples are basically identical, the In distributions are
estimated to be fairly similar, although the amplitude of variations might be a
bit larger in the sample with a higher In content [192].
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Fig. 3.7. Time integrated PL (top) and instantaneous (at 120 ps delay) DT (bottom)
spectra in the cyan (a) and green (b) QW structures at various excitations. The arrows
indicate the spectral positions where PL decay times shown in Fig. 3.9 were assessed
[P5].

Fig. 3.7 shows the TIPL (top pictures) and DT (bottom pictures) spectra in
the cyan (a) and green (b) QW samples recorded at various excitation levels.
At low excitation (10 uJ/cm?), the PL lines are centered at 2.53 eV (490 nm,
cyan) and 2.36 eV (525 nm, green) and have FWHMs of around 140 meV for
both samples. The IQE curves (see Fig. 3.10(b)) are typical for the optically
pumped InGaN QWs, with the onset of efficiency droop at ~60-70 pJ/cm?
(this corresponds to the carrier density of ~10'° cm™). The measured peak IQE
values reach 13+3% in the cyan and 15+3% in the green structures; it should
be noted that light extraction was not optimized in the structures, however it
is assumed to be the same in both samples due to their identical structures.
Since the PL linewidth is determined by the fluctuations of hole localization
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energy due to the random alloy disorder [92] and a direct link was shown to
exist between the disorder and luminosity of polar InGaN layers [193], similar
FWHMs and IQEs of PL emission indicate similar structural quality of
investigated structures, despite higher indium content in the green QWs. DT
signal has a negative sign (bottom pictures in Fig. 3.7) indicating the
absorption bleaching due to the state filling effect [194]. DT spectra are shifted
towards the higher photon energies with respect to the PL peak by ~230 meV
(cyan) and ~360 meV (green). Stokes shift is considerably larger in the green
sample, which points out to stronger carrier localization in this structure
[195].

Two trends are visible in TIPL spectra with increasing excitation: (i) the
width of PL spectra increases and (ii) a redshift in PL peak position at low
excitations is followed by a blueshift at high excitations; this is especially
noticeable in the cyan sample (indicated by open circles in Fig. 3.7). The PL
line broadening with increasing carrier density has been attributed to the
gradual saturation of shallow localized states and the consequent population
of both higher and lower energy states [181,196]. The behavior of PL line
position, however, is untypical: in polar QWSs, one expects a PL blueshift with
excitation due to the screening of the internal electrical field and state filling
[197]. Only at very high carrier densities, a redshift of PL band due to band
gap renormalization has been observed [180].
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To investigate the temporal evolution of PL peak position, TRPL and DT
spectra were recorded at various excitations. Fig. 3.8 displays the PL and DT
peak positions for several delay times as functions of excitation in the cyan
sample. It is seen from Fig. 3.8(a) that the PL redshift at high excitations
evolves in time span of tens of nanoseconds. Thus, within first 5 ns only a
blueshift in PL peak position is seen. A closer look into the early stage of
spectral dynamics is provided by DT measurements with a better time
resolution (Fig. 3.8(b)). Only the blueshift of DT spectra is seen within 7 ns
delay; but the difference between the DT peak position at high and low
excitations constantly decreases with increasing delay (from ~50 meV at 20
ps delay to ~20 meV at 7 ns delay). By comparing the DT and PL spectra, it
is estimated that the redshift becomes dominant between 7 ns and 10 ns. At 40
ns, the PL peak in the cyan sample redshifts by 3044 meV from 2.5 eV to 2.47
eV. In the green sample the picture is qualitatively similar, but the shift is
smaller reaching 20+4 meV after 40 ns at the highest excitation (not shown).
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Fig. 3.9. PL decay time at different spectral positions (the blue wing, the central part,
and the red wing of a corresponding PL spectrum; the exact spectral positions are
indicated by arrows in Fig. 3.7) as a function of excitation in cyan (a) and green (b)
QW structures [P5].

In Fig. 3.9, the PL decay times at three different spectral positions are
shown as functions of excitation. Two excitation regions can be distinguished:
low excitations below 10 — 20 pJ/cm?, where the PL decay rate remains
roughly the same at all wavelengths within the PL band, and high excitations,
where the blue PL wing decays faster than the red one. In the low excitation
range, the PL decay time in the cyan and green samples falls within 12 — 15
ns and 20 — 30 ns, correspondingly. It is interesting to note, however, that
almost twofold difference in the carrier lifetime does not result in substantial
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differences in peak IQE values. This fact suggests that the PL lifetime by itself
is not a decisive indicator of the LED emission efficiency, as it reveals the
carrier dynamics in a rather narrow spectral window with respect to DT [198].

Next, the possible origins of the PL redshift are discussed. The band gap
renormalization (BGR), screening of the electrical field, and carrier
redistribution between the localized states will be considered as the possible
causes of this redshift. BGR is a fast process appearing instantly after
generation of free carriers. Its origin is the interaction between electrons
(holes) when their density becomes high enough, as they start to repel each
other due to Coulomb forces, with the addition of particles with the same spin
avoiding each other due to statistical reasons (Pauli exclusion principle) [199].
The net result is the screening of carriers that leads to a decrease in the energy
of the conduction band minimum (an increase in the energy of the valence
band maximum). A shift of PL emission band due to BGR is usually presented
as

Eg(N) = Ego — BN'/3; (3.3)
here, N stands for carrier concentration and £ is a fitting coefficient with the
reported values in the range (1.66 —2) x 108 eV c¢m [180,197]. BGR should
appear instantly after the excitation even at small delay times; redshift of PL
position due to BGR must increase with excitation, as it was observed in
Ino2GapsN QW by G. Sun et al.[180]. In contrast, the PL peak is blue shifted
at small delays (see black curve in Fig. 3.8(a)) making BGR an unlikely reason
behind the PL redshift at later times.

Similarly, a redshift of PL emission due to the QCSE in a QW with an
internal electric field can be expressed as

hv(N) = E;(0) — edF(N); (3.4)
here d is the QW thickness, e is elementary charge and F(N) is the internal

electric field strength
Ned

F(N) = Fy — o (3.5)
with the maximum electric field strength Fo, the electric constant &, and the
static relative dielectric constant £ [197]. QCSE results in a rapid PL blueshift
due to the screening of the electrical field by free carriers and a subsequent
field recovery when carriers recombine; the spectral shift is proportional to
free carrier density N. While this situation resembles that depicted in Fig. 3.8,
one has also to bear in mind that the redshift due to recovery of internal field
cannot exceed the initial blueshift, i.e. the PL peak position with increasing
delay should approach that at small excitations. In the samples under study,
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the redshift at long delays and high excitations exceeds the initial blue shift
considerably, thus indicating that screening and a subsequent recovery of the
internal electrical field cannot single handedly explain the PL spectral
dynamics.

Hence, the observed redshift of PL emission at long delays is attributed to
the redistribution of carriers from the initially occupied shallower localized
states to deeper ones. This is feasible in a system with large potential
inhomogeneities and many local potential minima that are considerably
deeper than the thermal energy ksT [200,201]. After the excitation, non-
equilibrium carriers are randomly distributed between these minima. At low
densities, the quasi-Fermi energies of electrons and holes are low, thus carriers
can get trapped in the shallower potential minima. Increasing excitation raises
the quasi-Fermi levels increasing probability for carriers to escape the
shallower minima and reach the deeper ones. It was proposed that localization
of carriers into deeper states is slower than that into the shallower ones [181].
This model agrees with a larger PL redshift at higher excitations and longer
delay times, presented in Fig. 3.8. Similar arguments were used in explaining
a tendency of the small redshift of PL spectra (few meV) with increasing
excitation power observed by near-field photoluminescence in semipolar
QWs [190]. Also, it is in line with the fact that at low excitations the PL decay
time is the same for all states within the PL bands (Fig. 3.9). Usually, the PL
decay time is constant in the red part of PL band for the localized states and
then exponentially decreases with photon energy for the extended states
[198,202]. In the case of samples from this work, the distribution of localized
states must be very broad and emission from these states seems to govern the
entire PL line at low excitations. It can be concluded that the deep localized
states become saturated with increasing excitation resulting in the transfer of
carriers into the extended mobile states, which is reflected in the appearance
of a fast recombination component within the blue PL wing with the
recombination rate increasing with excitation (Fig. 3.9). Within this model, a
smaller PL redshift and a longer PL decay time (up to the excitation where the
extended states come into play) in the green sample indicates relatively small
disorder and smooth indium distribution.

To investigate the dependence of carrier mobility on excitation, the
ambipolar diffusion coefficient D (diffusivity) was measured using LITG
technique; the obtained values are shown in Fig. 3.10(a) as functions of
excitation. It should be noted that D values were extracted within the first

nanosecond after the photoexcitation when the carrier density is close to the
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initial one. It is seen that (i) diffusivity non-monotonously increases with
excitation and (ii) D values in the samples under study differ below 40 pJ/cm?
but become very similar at higher excitations. Increase in D with excitation
was observed previously in a blue LED structure and was explained by the
increasing ratio of carriers in the mobile extended states with respect to those
in the localized states; a change in the occupancy was proposed as a reason
for the increasing rate of non-radiative recombination with excitation [122].
The different recombination rates in cyan and green samples at low excitations
can be therefore attributed to different diffusivity, which in highly excited
nitrides is mainly governed by the mobility of holes [203]. Indeed, at 10
ul/em? D is 0.4440.02 cm?/s and 0.26+0.07 cm?/s in cyan and green structures
and correlates well with the values of . 15+0.3 ns and 25+0.3 ns,
correspondingly; i.e. an increase by 1.7 times in diffusivity results in the same
drop in the lifetime. With increasing excitation, the extended mobile states
become increasingly more populated, causing faster non-radiative
recombination from these states. As it was discussed, this is also expressed as
the increase in the recombination rate of the blue PL wing (Fig. 3.9).
Interestingly, the droop threshold (60-70 pJ/cm?) is very close to that when D
becomes equal in both structures. To illustrate the possible role of carrier
transport in the efficiency droop, in Fig. 3.10(b) quantum efficiency (PL
normalized to excitation, open symbols) and PL signal normalized to the
corresponding diffusion coefficient (filled symbols) as functions of excitation
are plotted. It can be seen that both types of curves behave similarly above the
droop threshold. This similarity suggests that the onset of efficiency droop in
the given samples is related to the increasing mobility of holes with excitation
due to their delocalization. This result agrees well with the numerical study by
P. Dawson et al. [89] showing that while electrons are mostly delocalized at
all densities, the holes remain localized both in-plane and cross-plane even at
room temperature. With increasing excitation, a relative part of delocalized
holes increases, which gives rise to a higher rate of non-radiative
recombination and efficiency losses. The delocalization is expected to be of
significance up to densities of ~10'° cm when the majority of carriers should
become delocalized. At higher densities, the e-e-h Auger recombination
process was suggested to dominate the efficiency droop [204].
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Fig. 3.10. (a) Diffusion coefficients in the cyan and green QW samples as functions
of excitation energy fluence. (b) PL signal normalized either to the excitation energy
fluence (open symbols) or the diffusion coefficient (filled symbols) in the cyan (black
color) and green (red color) structures. The efficiency curves of cyan and green
samples are arbitrarily shifted in respect to each other for the sake of visibility [P5].

In summary, two complete LED structures emitting in cyan (500 nm) and
green (530 nm) spectral ranges were investigated using several optical
techniques. Both structures are shown to be of similar optical and structural
quality, in spite of higher indium content in the green structure. The dynamics
of carrier redistribution between the localized states of various depths are
observed as an untypical redshift of PL peak emerging at long delays and
increasing with excitation. Considerably different PL decay time did not result
in different 1QEs at higher carrier densities; therefore, it cannot be used as a
reliable criteria for LED luminosity prognosis. The increase in carrier density
resulted in faster carrier recombination in the high energy states and higher
diffusivity, which in turn correlated with the onset of efficiency droop. This
fact supports the claim that increasing diffusivity plays an important role in
efficiency droop since probability for carriers to reach non-radiative
recombination centers increases with carrier mobility.
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3.3. Carrier diffusivity-limited peak internal quantum efficiency in InGaN
QWs with different widths

In previous chapters it was shown that carrier localization has a huge
impact on emission properties of InGaN QWs. It is generally agreed that
carrier localization is the main reason enabling the inherently defective
material to efficiently emit light by prohibiting the carriers from reaching the
non-radiative recombination centers [59]. However, localization is a rather
complex and not yet completely understood mechanism. It is mainly explored
by studying how localization-governed parameters, such as PL peak position
or intensity, change with temperature [138,180] or carrier density [182,205].
This is usually done in small sets of relatively similar samples, thus the
knowledge of the impact of structural and/or material properties on
localization remains limited. On the other hand, carrier diffusivity and the
lifetime are closely related to localization, as carriers that need to overcome
the higher energy landscape potentials have more movement restrictions and
tend to live longer, which was shown in a number of works [121,122] [P2,
P5]. In this chapter, a deeper insight into localization mechanism is gained
through the connections of the diverse structural and material properties with
data of carrier diffusivity and lifetime obtained in a large array of samples (all
samples from Table 1). It appears that regardless of the vast differences in the
samples, diffusivity comes out as one of the key peak efficiency-limiting
factors in the nitride-based light emitting devices. Moreover, the width of QW
is considered to be one of the main parameters that influences diffusivity, as
well as the droop onset carrier density.

The mitigation of droop effect is still an unresolved task, as to this day
there are only barely working solutions, none of which truly eliminate the
issue [125,178,206]. Therefore the main focus of this study is the peak IQE,
observed at the specific droop onset (i.e. carrier density where IQE peaks) of
each sample, and the corresponding state of carrier dynamics (Fig. 3.11). The
further emerging efficiency droop and its magnitude are disregarded, and the
key objective is to find the structural/material parameters that correlate with
the highest peak efficiency, which can be held as the quality revealing factor.
Such a strategy can be particularly useful for efficient low power devices, or
their arrays that could make up high output power devices [11].
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IQE peaks (i.e. the droop onset). Red interior marks the m-plane samples, in which
the transient gratings were induced perpendicular to the c-axis, meaning that measured
values are related to carrier diffusion along the a-axis.

Droop onset carrier density dependencies of the corresponding ambipolar
diffusivity and carrier lifetime values in each sample are presented in Fig.
3.12(a). Note that in LITG experiment carrier densities are averaged over the
period of a transient grating [N1]. Linear decrease of the carrier lifetime (blue
triangles) shows that there are no indications of a fast non-linear
recombination process such as Auger recombination [207], at least up to the
droop onset, even though in some samples its carrier density exceeds 1x10%°
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cm 3. According to the ABC model, the slope should be -2 for direct Auger
recombination [207] [N1]. In the meantime, linear diffusivity increase
indicates the constantly growing delocalization of carriers, which is likely the
cause of the decreasing lifetime. Indeed, as the Fig. 3.12(b) shows, although
the data points are fairly scattered, a clear correlation between the carrier
lifetime and diffusivity is observed, which suggests that carriers with higher
mobility decay faster. Therefore it can be said that the state of carrier dynamics
at the droop onset of samples in this work is largely governed by the
diffusivity-driven process. This process linearly depends on carrier
concentration and appears to be universal due to its observation among
different samples.
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Fig. 3.13. Correlation between the peak IQE and carrier diffusivity (a) and the peak
IQE and the carrier lifetime (b). Each data point represents values of an individual
sample, taken at specific carrier densities where IQE peaks. Red interior marks the m-
plane samples.

The origin of a faster decay can either be non-radiative or radiative. This
is because carriers can not only diffuse to the defect states, but to the other
localized states as well [P5]. Since the carriers of the opposite signs can be
localized in an uncorrelated manner [74,196], this might promote probability
for them to meet and recombine radiatively, therefore increasing the rate of
bimolecular recombination and reducing the carrier lifetime. However,
everything gets clear when looking at Fig. 3.13(a), where the relation between
the peak IQE and the corresponding diffusivity is presented — IQE peaks with
lower value (falling from ~47% to less than 1%) when carrier diffusion
coefficient at the droop onset increases (from ~0.1 cm?/s to more than 6 cm?/s).
Meanwhile, an opposite trend with the carrier lifetime is seen, with values
extending from hundreds of picoseconds to more than 10 ns (Fig. 3.13(b)).
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Here only the samples with lifetimes longer than 1 ns achieve 1QEs higher
than 30%. All this suggests that a faster decay is mainly caused by the
increased rate of non-radiative recombination: the more delocalized carriers
are able to reach the point or extended defects easier, which in turn leads to
the decrease of the peak IQE. Simply put, IQE is limited by carrier diffusivity.
Interestingly, a similar trend has been recently observed in perovskites as well
[208]. Diffusivity grows with carrier density in all the samples from this work,
suggesting that the shift of the droop onset to higher carrier concentrations is
detrimental, and will result in lower peak IQE, as in fact will be shown in
Chapter 3.7. There are indeed works where a shift of the droop onset to higher
carrier densities by introduction of changes to the growth or structural
parameters of the analogous samples went together with a reduction of the
peak IQE [166,209,210] [P3]. On the other hand, some works show a reduced
rate of efficiency decline after the droop onset [206], but this is out of the
scope of this study.

The diffusion-driven limitation of the peak IQE implies that suppression
of diffusivity should give a positive effect on the emission output at the droop
onset. One of the obvious ways, of course, is to lower the droop onset itself.
The search of correlations between various structural parameters and the
droop onset carrier density revealed, that the latter is lowest in the samples
with the thinnest wells (Fig. 3.14(a)). In the meantime, it was found that
diffusivity values at equal carrier densities of 5x10* ¢cm™ also decrease in
narrower QWs (Fig. 3.14(b)), a tendency which is valid for other equal carrier
densities as well. This proposes a connection between the three parameters.
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Fig. 3.14. Correlation between the droop onset carrier density and the well width (a).
Carrier diffusivity dependence on the QW thickness, with values taken at similar
carrier densities of 5x108 cm (b). Red interior marks the m-plane samples; the green
ellipse marks samples from [P4].
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In the case of the well width and diffusivity, the most plausible reason
behind their correlation is the well thickness fluctuations that cause the
potential fluctuations [85], with the latter expected to have a higher magnitude
when the wells are narrow [211]. This can be explained with an inverse square
relation of quantum confinement energy levels with the QW width, using a
simple particle in a box with infinitely high barriers model [157] (Chapter

1.3.1), where the energy levels are:
h2n?

En = m (36)
The equation above gives a considerably larger quantum confinement energy
E» when the QW width L is smaller. Consequently, the energy fluctuations AE
caused by the width fluctuations AL are also larger in a narrower QW, which
implies greater differences in the potential energy landscape, leading to deeper
localization. Deeper localization was observed earlier in the narrower InGaN
QWs in [207,212], as well as in AlGaN QWs, as evidenced by an increased
localization parameter o in [14]. Simply adding or subtracting from the
nominal well width L the smallest possible AL value, which is a 0.259 nm
atomic monolayer [80,91], changes the first energy level (n = 1) of holes En
with 6-8 meV and 1-2 meV for the 3 and 5 nm thick quantum wells,
correspondingly, when the effective hole mass m* is 1.1mg [29]. Applying the
same for electrons with an effective mass of 0.18mg [29], changes En by 35-
46 meV and 12-15 meV, for the 3 and 5 nm thick quantum wells,
correspondingly. The results of these calculations are presented in Fig. 3.15,
where it can be rougly estimated that that the effect comes into play below ~6
nm. Note that in Fig. 3.14(b) the decrease of diffusivity is observed when the
QW width is below the same value. Although these oversimplified
calculations do not take into account the variations in strain and internal
electric fields, not to mention the finite barrier height, they still quantitatively
show that in the narrower wells the width fluctuation-induced energy
fluctuations are noticeably higher. Their values for electrons are comparable
to the ~25 meV room temperature thermal energy, not to mention that they
would be higher for two or more monolayer fluctuations, which means that
electron movement by hoping through the states could indeed be effectively
constrained. A similar effect is expected for the already strongly localized
holes. However, the magnitude of the effect to different carriers may be
different.
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Fig. 3.15. Calculated first energy level of
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The effective mass of holes is significantly higher, therefore, their
diffusivity is also significantly lower than the one of electrons. In such a case,
according to the equation

_ 2DypDy
Da =535, (3.7)

the ambipolar diffusivity values, obtained from the LITG technique, should
mainly reflect the diffusivity of holes [213]. Therefore it is easy to assume that
the reduction of the diffusion coefficient in the thinner wells arises due to the
limitations in hole movement. However, it is commonly accepted that holes
are localized by the -In-N- chains, while the QW width fluctuations localize
mainly electrons [80,85-87]. Furthermore, the earlier evaluated potential
fluctuations due to well width fluctuations are considerably smaller to holes.
These contradictions can mean a couple of things. One is that the value of
diffusion coefficient of electrons in a QW due to the well width fluctuations
becomes so low, that the changes it encounters are reflected in the ambipolar
diffusion coefficient (Eqg. 3.7). Another thing is that the well width fluctuations
can in fact further restrict the movement of holes that should already be mostly
localized by random alloy fluctuations [86]. At this point it is hard to tell
which is more probable, therefore both will be held as feasible.

The scattering at the interfaces of a QW may also be considered as a
possible mechanism behind the carrier mobility restriction. As the well
narrows, less volume for the carrier movement is left. This reduces the
probability to find the paths with the same potential energy, i.e. the percolation
paths [214], without being scattered by the rough QW/QB interfaces and the
defects that are created there. Less volume for transport should restrict the
movement of both types of carriers. However the magnitude of this effect is
unclear, therefore at this time it will be considered as minor.
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Knowing that localization of carriers is stronger in narrower wells, it is
now possible to explain earlier droop onsets in them (Fig. 3.14(a)). One way
to picture this is that the stronger the localization, the lower the probability to
reach the NRCs, thus the localized states get filled easier. Carrier density in
these states is locally increased if compared to other parts of the medium, and
such non-uniformity of carrier density distribution reduces the effective,
optically active volume [104]. This in turn gives rise to an earlier droop onset
resulting from a fast non-radiative process such as Auger recombination (or
other) that heavily depends on the carrier density. Another way is that greater
potential fluctuations can ease the momentum conservation in the Auger
recombination process [112,115] allowing it to appear at lower carrier
densities. These ideas can be supported by the increasing droop onset with
weaker localization that was observed earlier in AlGaN QWs and epilayers
[215]. They also provide an explanation for anomalously low droop onsets in
samples marked by the green ellipse in Fig. 3.14(a) (S1-S8 in Table 1). A large
redshift of PL spectra in these samples was shown to be a consequence of
strong carrier localization [P4] despite relatively wide wells.
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Fig. 3.16. Peak IQE vs the QW thickness (a). Correlation between the peak IQE and
carrier diffusivity in m-plane samples (b). Red interior marks m-plane samples.

Since an earlier droop onset is a subject to lower diffusion-driven non-
radiative losses, an increased peak IQE can be expected in the narrower wells.
This is seen Fig. 3.16(a) and is in agreement with the results presented in the
works [212,216]. However, in these works the QCSE is held as the responsible
mechanism for the reduction of the radiative recombination intensity in wider
wells, whereas in this work it is the increased carrier mobility. The major role
of diffusivity can be supported by its negative correlation with the peak IQE
in non-polar samples (Fig. 3.16(b)), where reduced carrier wave function
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overlap due to carrier separation should not be present. Nevertheless, QCSE
is not ruled out as an additional efficiency quenching mechanism in polar
structures. In fact, it should be taken into account when designing an LED
active layer — QW thickness should be picked with regard to the enhancement
of localization and a sufficient overlap of wave functions, as well as leaving
enough optically active volume to prevent too high carrier densities in the case
of current injection. According to Fig. 3.16(a), the optimal QW thickness lies
between 2-3 nm.
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Fig. 3.17. Peak IQE vs the diffusion length at the droop onset carrier density (a). The
same is shown in (b), but here only two groups of samples with similar carrier
lifetimes are left. Red interior marks the m-plane samples.

In Fig. 3.17(a), the peak IQE vs the calculated diffusion length (L, = VD7)
at the droop onset is shown. Two main cases are seen here: there are samples
that show the drop of IQE with the increasing diffusion length at the droop
onset (grey arrow), and then there are samples where the diffusion length is
short (less than 0.5 um), but the peak IQE also remains poor (encircled in red).
In the first case, the limitation of the diffusion length is clearly a factor that
improves the peak IQE, which is mostly related to stronger localization of
carriers. In the second group, the diffusion length is limited by the short carrier
lifetime rather than a small diffusion coefficient, due to fast recombination at
abundant defect states. The values of diffusion lengths vary in the 0.1-1.4 um
range, which is comparable to the distance between the neighboring
dislocations in InGaN grown on sapphire [57,60]. This suggests that the
extended defects are closely related to the peak IQE. In fact, a clear inverse
correlation between the peak IQE and the threading dislocation density was
presented in [66]. Romanov et al. [69] also showed that an increase of quality
by reducing the dislocation density increases the peak IQE, and according to
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Sugahara et al. [217] the efficiency of light emission should be high as long
as the carrier diffusion length is shorter than the dislocation spacing. Therefore
one can assume that IQE can be enhanced by ensuring that localization-limited
diffusion length of carriers is shorter than the average distance between the
threading dislocations [218]. This is depicted in Fig. 3.17(b), where two
groups of samples with similar carrier lifetimes show shorter diffusion lengths
and higher peak IQEs when carrier diffusivity is smaller. Hence the
localization degree can determine whether carrier recombination is mostly
influenced by the radiative recombination rate at the localized states or by the
non-radiative recombination rate at the defects.

To illustrate that the peak IQE can be enhanced despite the quality of the
active layer, in Fig. 3.18 the peak IQE dependence on diffusivity is shown in
the samples from the same set (W1-W5 in Table 1). The equal nominal In
content of 25% in them and the same growth procedures allow the assumption
that quality is comparable, with the only difference being the well width,
which apparently changes the diffusivity. It can be seen, that an increase in
the diffusion coefficient from 0.3 cm?/s to 0.83 cm?/s at 5x10* cm™ carrier
density results in the peak IQE falling from 39% to nearly zero. The latter
value implies that the defect density is quite high in these structures. This
approves that if the localization conditions are sufficient, the non-radiative
recombination can indeed be suppressed despite the high density of defects
coming from the high In content.
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To summarize, in this chapter it was shown that in InGaN QWs the peak
IQE inversely correlates with the ambipolar diffusion coefficient. As a
fundamental limitation, it arises due to the promotion of non-radiative
recombination at the defects. Diffusivity decreases in the narrower QWs
pointing out to stronger localization, which is mainly due to higher well width
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fluctuation-induced potential energy fluctuations that enhance the scattering
of the charge carriers. Increased potential energy fluctuations can prohibit the
diffusion of carriers to the extended defects so the localized states get filled
earlier, as well as enhance the Auger scattering rate, thus giving rise to an
earlier droop onset. Lower droop onset carrier density is advantageous to the
peak 1QE, since smaller diffusion-driven non-radiative losses are expected.
The combined results suggest that the diffusion length must be shorter than
the distances between the neighboring threading dislocations to improve IQE,
which can be achieved by the reduction of diffusivity even if the material is
highly defective.
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3.4. Stokes shift in InGaN quantum structures

Photon energy difference between the absorption and emission spectra,
known as the Stokes shift, has been observed in a number of InGaN-based
structures, including epitaxial layers, LEDs, and LDs
[59,122,195,198,219,220]. In the presence of this shift, only the low energy
tail of the absorption edge overlaps with the emission spectrum. The same is
found in InGaN quantum structures, studied in this work, which exhibit
redshifted TIPL spectra with respect to instantaneous DT spectra [P2-P5]. The
energy difference between DT and PL spectra peaks (AE) linearly decreases
with higher PL peak emission energy (from AE = 0.54 eV at 2.2 eV in this
work) and appears to be converging to zero at GaN bandgap value (black half-
filled diamonds in Fig. 3.19), a trend previously observed in other works. This
phenomenon is important to LEDs or LDs, because it makes reabsorption of
light emitted in QWSs close to negligible by the interband transitions, thus
enhancing the light extraction [221]. A larger Stokes shift may even lower the
probability of reabsorption further, thus implying the positive impact of this
effect. On the other hand, in the work [P3], lower IQE was related to a smaller
overlap of PL and DT spectra, stating the opposite. Either way, to this day the
phenomenon still lacks the complete understanding, with last major studies
completed in the early 2000s. In this chapter, a deeper insight into the Stokes
shift is gained by comparing its values in a large number of c-plane QW
structures (Table 1) and several InGaN epilayers. The results suggest that
variation in QW width changes the diffusion coefficient as well as the
magnitude of the QCSE induced redshift, which together may be responsible
for the large Stokes shift values in QWs.

Fig. 3.19. Energy difference between the peaks of TIPL and DT spectra (the Stokes
shift) as a function of PL peak emission
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Fig. 3.20. The Stokes shift dependence on the In content in QW structures (a). PL and
DT spectra of an InGaN epilayer with no Stokes shift present (b).

The Stokes shift in I11-nitrides has been generally ascribed to localization
effects in the way that absorption takes place in the higher energy states, from
which the carriers relax to the localized states and recombine there radiatively
[59] [P3]. Localization strength generally increases with higher magnitude of
In fluctuations [44,76], so it is natural to expect a larger Stokes shift in the
samples with higher In content [44]. However, a unified correlation is not
observed in QW structures from this work (Fig. 3.20(a)); instead it looks like
there are several ranges of In content where different types of correlations are
seen. Up to ~12% of In content, at which phase-separation supposedly occurs,
there is arise in AE (indicated by a green line). It was shown in the work [P4]
that the encircled samples that peak this dependence (S1-S8 in Table 1) have
very deep localized states, therefore it can be related to the increasing depth
of localization. In the meantime, a decrease in AE is also observed, spanning
up to ~22% In (red line), which then changes to an increase (blue line). In the
work by Schenk et al. [219], a non-monotonous dependence of AE on In
content was observed in InGaN epilayers as well. Furthermore, a few epilayers
with different In contents (including GaN) and with peak emission
wavelengths of up to 490 nm (2.53 eV) were measured additionally in this
work, and they appear to be experiencing a close to zero redshift of PL spectra
with respect to DT spectra or even a small blueshift (Fig. 3.19 red circles and
Fig. 3.20(b)). A small Stokes shift (<80 meV) has also been observed
previously in thick and homogeneous InGaN layers with In content up to 17%
and with the peak emission wavelength up to 448 nm (2.7 eV) [223].
According to [38], the absence of the Stokes shift demonstrates the dominance
of band-to-band or excitonic recombination pathways. Regarding the
localization effects, this is either due to a relatively smooth In distribution
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[223] or a mechanism that prevents the occupation of the deeply localized
states. Considering all these things, localization due to random alloy
fluctuations cannot be the sole mechanism causing the Stokes shift, especially
in QWSs where the Stokes shift appears to be a universal linear function of
emission energy.

The emission band in QWSs can be redshifted not only by including more
In, but also by changing the well widths. For this reason, AE was plotted
against the QW width in Fig. 3.21, where a positive correlation can be seen,
which was also shown in [220] and [224]. A few samples appear to be not
following the correlation completely (marked by the red ellipse, In3-In5 in
Table 1), however this might be explained by more than two times wider
barriers (~18 nm) in them as compared to all other samples. It is likely that
thick barriers cause a partial strain relaxation in the active layer via the
formation of threading dislocations. This enhances the interdiffusion of In
atoms, thus making the QW interfaces rough [225], which can be supported
by STEM images. It is worth mentioning that in the work [P1] no Stokes shift
has been observed at all in a triangular shape single QW structure, emitting at
~460 nm (~2.7 eV), suggesting the importance of an abrupt rectangular shape
on the Stokes shift (most of the QW structures in this work have well defined
rectangular shapes).
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The widening of a rectangular QW increases the spatial separation between
the wave functions of electrons and holes. Because of this, a redshift due to
QCSE increases as carrier wave functions fall deeper into triangular potential
minima at the edges of the well, which was proposed earlier as the origin of
the Stokes shift [224]. In the recent work by Zhang et al. [226] it was shown
that in semipolar InGaN QWs the Stokes shift is significantly weaker if
compared to analogous polar QWs, stating the direct involvement of internal
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electric fields. However, in the work by K. Gelzinyté [222], redshifted PL
spectra with respect to DT spectra have also been observed in a non-polar
SQW sample (represented as a green diamond in Fig. 3.19), where carrier
separation along the growth direction due to the absence of parallel electric
fields should not occur. Therefore internal electric fields may not be the only
possible explanation for large Stokes shifts in QWs.

In a previous chapter it was shown that the diffusion coefficient of carriers
scales with QW thickness. Regarding the current topic, higher carrier mobility
should lead to an easier redistribution of carriers from the extended states to
the localized states (and within them), resulting in a larger Stokes shift. In fact,
this can be supported by a positive correlation between the diffusion length
and the Stokes shift (Fig. 3.22), meaning that the longer distance that the
carriers can travel may promote the occupation of deeper localized states. The
mean value of diffusion length increases from ~0.28 um to ~0.7 um for the
AE increase from 0.1 eV to 0.3 eV. Hence, even if the deep localized states
are present from high In content fluctuations in the structure, their occupation
can be significantly limited if diffusivity of carriers is small, which is inherent
to narrow QWs.
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The next important question is how come do thick InGaN layers can have
near zero Stokes shifts? A likely answer to this is the coherent strain
throughout the full thickness of a thin layer (like a QW) to match the different
lattice parameters of an underlying layer. This can induce significant In
content fluctuations, for example, due to compositional pulling effect, or
phase separation. In thick epilayers, on the other hand, the strain is relieved as
the thickness is increased, and it can totally relax after reaching a critical
thickness he, which decreases with higher In content [54,94]. Even though this
mostly comes at the cost of the increased density of strain-relaxing misfit
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dislocations or V-pits, given that the growth conditions are optimal, indium
distribution can be much more homogeneous with presumably shallower
localized states, meaning a smaller Stokes shift. The role of strain can further
be supported by a decrease in the Stokes shift after the insertion of a strain
relieving superlattice as seen in Fig. 3.5 from Chapter 3.1. Note that insertion
of such an interlayer was accompanied with a decrease of a diffusion
coefficient. In the case of a triangular SQW from [P1], the gradient change of
In content along the growth direction probably relieved the strain too.

To conclude, potential fluctuations caused by random alloy disorder alone
do not determine the magnitude of the Stokes shift in InGaN quantum
structures. The positive correlation between the Stokes shift and QW width
was observed. This was explained by the increasing redshift caused by QCSE
and higher diffusivity that can enhance carrier redistribution to deeper
localized states. The abruptness of the QW interfaces appears to be a necessary
condition for the Stokes shift as it generates strain, which leads to the internal
electric fields and higher fluctuations of In content. Both can be reduced by
strain relaxation, which is why in thick InGaN layers the Stokes shift can reach
very small values.
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3.5. Influence of metalorganics flow interruption on migration of deposited
atoms in InGaN LED structures

One of the key objectives in the making of the efficient LEDs is to improve
the quality of the materials, especially those used in the active layers. One of
the ways to do that is by using the pulsed MOCVD growth mode. During the
pulsed growth of an InGaN layer, the supply of TMIn and TMGa precursors
to the reactor chamber is periodically interrupted for a preset duration, while
the NHs supply is kept constant [43,227]. Such a regime promotes the surface
migration of the deposited metal atoms and provides additional time for
nitrogen deposition, thus improving atomic distribution and suppressing the
formation of nitrogen vacancies [43]. In this chapter, the positive impact of
the pulsed growth mode is presented [P3]. Furthermore, a deeper insight into
the growth process is obtained by studying the impact of the interruption time
on diffusivity, the carrier lifetime, and IQE. It is also shown that atom
migration, evaporation, and surface nitridization are interconnected processes.
The interaction between them defines how the structural quality and
localization conditions in a 6 sample set change as the interruption time is
increased, which happens in a step-like manner.

10 = .
o —e—0—¢ &= =
a \e ® ~, 1.5 b [ ] 2@
(a) S,A\\\Q././ .\. é ( ) ./
- 0/./ N\ AR % 1 a
o \ ] — v
S o, u = ” y=05
@ . S
n
4 n 8 o -
= o 3
g S
Zost m &
@ .
1 . =
10I7 low 10“) 102(1 10\9 1020
Photoexcited carrier density (cm'z) Photoexcited carrier density (cm™)

Fig. 3.23. IQE values (a) and the diffusion coefficient (b) as functions of carrier
density in the structures grown under continuous (Sample 1) or pulsed growth
(Sample 2) [P3].

To begin with, Fig. 3.23(a) shows the comparison of IQE in two
samples grown under continuous or pulsed growth mode (Sample 1 and
Sample 2 in Table 1, correspondingly), with the same underlying SL
structure as described in Chapter 3.1. Their active parts consist of 3—4 nm
thick 5 Ing.1GapsN QWSs, separated by 6 nm thick barriers. During the
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pulsed growth, TMIn and TMGa precursors were sent into the chamber
for 15 s, and then interrupted by bypassing for 5 s, with the cycle repeated 5
times for each QW. The result is an almost twofold IQE increase with
respect to the reference structure. Even though the peaks of IQE curves
appear at similar carrier densities of ~2x10* cm? in both samples,
localization is weaker in the reference structure, as evidenced by higher carrier
diffusivity with respect to the pulsed growth structure (Fig. 3.23(b)).
Interestingly, the reference structure shows a smaller PL blueshift with
excitation (30 meV vs 20 meV, Fig. 3.24(a) and (b)). A larger blueshift can be
a mixture of larger screening effects due to stronger electric fields and faster
saturation of the localized states, with both acting as negative factors.
However, their role is diminished by lower carrier diffusivity and a longer
lifetime, as evidenced by TRPL measurements: zvalues are 13.5 ns and 27 ns
at 1.4x10'® cm in Sample 1 and Sample 2, correspondingly.
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Fig. 3.24. PL spectra (a) and PL peak position vs. carrier density (b) in Sample 1 and
Sample 2 [P3].
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The above presented benefits of a pulsed growth mode invited further
research. A set of samples consisting of 6 blue-emitting InGaN/GaN MQWs
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structures (tpO-tp15 in Table 1) obtained under various pulsed growth regimes
was investigated. The key difference between the samples is that during the
growth of each ~4 nm thick QW layer (at 800°C), 20 s duration TMIn and
TMGa supplies were interrupted with pauses ranging from 3 to 15 s, a process
that took 5 cycles (Fig. 3.25). As for the reference structure (tpause = 0), each
QW was continuously grown for 80 s. The barriers in the samples are ~7 nm
thick.
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Fig. 3.26. TIPL (upper part) and instantaneous (at 1.5 ps delay) DT spectra (lower
part) of the samples at 180 pJ/cm? excitation (a). The solid lines correspond to samples
with interruption times of up to 6 s, the dashed lines correspond to samples with
interruption times longer than 6 s. Peak IQE dependence on the precursor supply
interruption time (b). The colors in both graphs are sample-specific to serve as a guide
for an eye.

Within the sample set, the PL emission peaks are at 2.6-2.65 eV (477-468
nm, Fig. 3.26(a) upper part), while the absorption —at 2.87-2.93 eV (432-423
nm, Fig. 3.26(a) lower part), which results in a ~300 meV Stokes shift. Despite
the relatively high value of this shift, the samples with the longest precursor
supply interruption show the peak IQE up to ~40% (Fig. 3.26(b)), which is
among the highest values obtained in the thesis. This suggests that the Stokes
shift has no negative effect, or even a positive one by diminishing the
reabsorption and enhancing IQE. From Fig. 3.26(a) it is also seen that both PL
and DT spectra shift to higher energies for interruptions longer than 6 s
(marked by blue arrows). This outcome is most likely related to the
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evaporation of the deposited indium atoms due to the weak In-N bonds that
have low dissociation temperature [227,228], which leaves behind the slightly
narrower QWs with lower In content. Since no significant thickness changes
were observed by XRD characterization, the blueshift is attributed to the
decreased indium content. Additionally, the extra time given for the
rearrangement of the surface atoms probably leads to their more uniform
distribution and, subsequently, shallower localized states, thus also
contributing to the blueshift.

T

T

2.66

2.64

2.62
@2.60 i

<258 Reg
3 L 0_’0 Ut

[
1 2.56

= L
2.54

Energy fluence, pJ/cm?
20

© o0
D0 180

Blueshift

l]—’l]_.[l

)

| | | | 1

a)

|

0 3 6 9 12
Growth pulse interruption (s)

15

10 F

—_

Diffusivity (cm®/s)

o
=

T

T

Sel9 em™
-©-lel9cm®
-m-s5e18 cm”

S NN
S~y \n\o/

| | | | | |

B

o ® ]

0 3 6 9 12 15
Growth pulse interruption (s)

Fig. 3.27. TIPL spectra peaks at different pulse interruption times for three excitation
energy densities (a). Carrier diffusivity dependence on growth pulse interruption for
three carrier densities (b).

Getting back to the growth pulse interruption time dependence of the peak
IQE, a non-monotonous trend is observed — the initial drop switches to a rise
after a 6 s interruption time (shown in Fig. 3.26(b) with a dashed line). The
enhancement of the peak IQE by ~7% when comparing the reference sample
and a sample with tpause = 15 s again proves the positive impact of the pulsed
growth mode. This increment is small, however one has to remember that the
sample tpause = 0 s differs in the total QW growth time and may not serve as a
perfect reference. For instance, the peak IQE difference between the samples
With tpause = 3 s and tpause = 15 S is 21%, emphasizing the overall improvement
(indicated by a curved cyan arrow). A deeper insight into the mechanism
behind the aforementioned non-monotonous trend can be gained from the
changes of the peaks of TIPL spectra at different excitation energy densities
(Fig. 3.27(a)). When the latter are high (180 pwJ/cm?), PL spectra shift to the
blue region as the interruption time increases up to 9 s, after which no further
significant changes are observed. Low excitation spectra (20 and 60 pJ/cm?),
on the contrary, demonstrate a redshift up to 6 s, which is replaced by a sudden
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shift to higher energies at longer interruption times. To explain these
tendencies, one has to take into account that the key processes — surface atom
migration, their evaporation, and surface nitridization — are related and happen
simultaneously. The small blueshift with the increase in the interruption times
up to 6 s implies that only a relatively small number of In (and supposedly
other) atoms evaporate, a process which afterwards increases greatly with a
step-like change. The initial low-excitation redshift most likely comes from
the deeper localized states created by the segregation of In atoms, possibly due
to their inefficient migration. The presence of such states can be supported by
the low energy shoulders in the short interruption time DT spectra (Fig.
3.26(a)) and larger FWHMs of the respective PL spectra (not shown) [112].
The appearance of a redshift only at the low excitation regime indicates that
the density of these localized states is low, and they are easily filled at high
excitations where only the blueshift is seen. The initial drop in the peak IQE
suggests an increase in the density of defect states, which ceases to be an issue
at interruption times above 6 s. The deepening of the localized states and a
higher defect density may originate from the low probability of the surface
atoms (indium in particular) to find the most energetically favorable lattice
positions to attach to [138]. This might be due to the insufficient time for the
migration and the competition between the migrating atoms. They just attach
wherever they have time and space to do so, which shapes the highly
fluctuating energy landscape filled with defects. It is likely that during this
initial phase, the additional time simply promotes the segregation of In atoms
that fail to find a decent spot in a lattice due to insufficient surface nitridization
[43], which is also responsible for the formation of nitrogen vacancies.
However, significant changes in the pulsed growth mechanism appear after a
6 s interruption time threshold: the right amount of excess atoms evaporate
from the surface, leaving more space for the migration and the attachment of
the remaining atoms, which is further enhanced by the extra time for the
process; the adequate number of deposited nitrogen atoms reduces the defect
formation and In segregation. All these processes combined result in a sudden
transition to a crystal lattice with a slightly lower In content but with a
smoother atom distribution and with fewer defects, which leads to an increase
in the peak IQE. It is worth noting, that diffusion coefficient decreases with
longer metalorganics supply interruption times, which is best seen at high
carrier densities (5x10%° ¢cm=, Fig. 3.27(b)). Therefore, speculations can be
made that a smoother distribution of atoms at longer interruptions gives

although shallower, but denser localized states, with such assumption coming
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from the narrower FWHM values. These localized states become very
important at high carrier densities, especially where the efficiency droop takes
place, which in the current samples is between 2-4.5x10% ¢cm?3, and allow to
achieve higher peak IQEs by inhibiting carrier diffusion to the non-radiative
recombination centers.

The threshold-like transition after a 6 s interruption time could be related
to growth parameters, such as V/III ratio and, most importantly, growth
temperature. For the current samples, the growth temperature was 800°C, and
its increase should lower the threshold, as it would promote all the processes
that are related to the pulsed growth. Faster In and other atoms desorption,
higher degree of ammonia dissociation, and enhanced atom migration should
shift the transition to shorter interruption times. Needless to say that /Il ratio
and ambient pressure might as well influence the threshold.
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Fig. 3.28. Changes of the spectrally integrated DT lifetimes with the growth pulse
interruption at three excitation energy densities (a). An example of a self-consistent
fitting of the spectrally-integrated DT lifetime and IQE curves of a reference sample
tp0 (b). Open squares and circles show the measured lifetimes and 1QEs respectively,
while the lines are the fitting results of the ABC model.

A non-monotonous change in DT spectrally integrated carrier lifetimes ¢
with increasing interruptions of metalorganic precursor supply is observed as
well (Fig. 3.28(a)). The initial shortening changes to lengthening after a dip at
6 s, which again reveals the complex nature of the mechanism behind the
pulsed growth mode. For a more thorough analysis, a self-consistent ABC
modelling was performed. The carrier densities were independently evaluated
for all the samples with the individual absorption coefficients obtained from
the TIPL measurements in the integrating sphere. The lifetime zand the IQE
curves (Fig. 3.28(b)) were fitted self-consistently using the relations:
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~=A+Bn+Cn?, (3.8)
_ Bn
IQE = A+Bn+Cn?’ (3.9)

Here, the A term represents the Shockley-Read-Hall, B — bimolecular, C —
Auger recombination coefficients. The band-filling effect that was used in
Chapter 3.1 was disregarded, as both curves were fitted sufficiently well with
the simple model.
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Fig. 3.29. (a) ABC modelling results. The top part represents Shockley-Read-Hall,
the middle part — bimolecular, and the bottom part — Auger recombination coefficients

vs pulse interruption. (b) Peak IQE vs the dimensionless quality factor (B/vA X C).
The line is a guide for an eye.

Modelling results are presented in Fig. 3.29(a). The non-monotonous
changes in SRH and bimolecular recombination coefficients support the
earlier presented ideas. The initial growth of A from 2.8x107 s to 5.9x107 s!
supports the increase in the defect density, while the decrease of B from
1.9x1012 cm¥/s to 0.7x10712 cm?®/s suggests that the localized states get deeper
at the cost of their density, hence the radiative recombination rate drops. Both
result in the reduction of the IQE. As expected, the picture changes after the 6
s interruption time, when A returns to nearly the initial value and B increases
more than 3 times, indicating improvements in the structural quality as well
as in localization conditions. Note that the sample with the 12 s interruption
time drops out from the overall tendency with its low B value, possibly due to
non-optimized conditions in the formation of localized states during the
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growth. As to the Auger recombination coefficient, no clear tendency is
observed, except that it appears to be smallest in the least efficient samples.
The best sample in terms of the highest peak IQE has the following
parameters: A=3.8x10" st (1/A=26 ns), B=2.8x107? cm?/s, C=10"3! cm®/s. For
comparison, the values from the work [229], obtained in a single QW emitting
at 457 nm and having peak EL IQE of about 75%, are: A=2.6x10° s (1/A=385
ns), B=3x1012 cm3/s, C=10"°! cm®s. The SRH term which is higher by one
order of magnitude in the sample from the current work is most likely
responsible for a nearly twice as lower peak IQE.

It is common to use the carrier lifetime as a criteria that shows the quality
of a material — a longer lifetime is usually said to be an indication of lower
non-radiative losses through defect-related recombination channels. However,
from the earlier results of this thesis it is seen, that longest carrier lifetimes do
not necessarily lead to the highest peak IQEs. Contribution from all
recombination pathways has to be taken into account, as the long lifetime can
also be an indication of slow bimolecular recombination. In Fig. 3.29(b) this
is reflected by a linear peak IQE dependence on the dimensionless quality
factor B/v/A x C [230]. It stresses the competition between radiative and non-
radiative channels and, as it is seen in the figure, works very well as a figure
of merit for a light emitting material.
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A good indicator of improvements in material properties for light emission
can be the diffusion length, which is shorter in the samples with higher peak
IQEs (Fig. 3.30). The importance of carrier diffusion length can be justified
by looking at Fig. 3.31(a), where its dependence on carrier density somewhat
resembles the droop curve (as seen in Fig. 3.28(b)) — the initial rise changes
into decline, with peak values being reached before each sample’s droop
onset. This shows that the initial rise in the peak IQE is due to the saturation
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of the defects [122,205,231] that are easily accessed at low carrier densities
(point defects in particular), which translates into the increasing distance that
the charge carriers can travel. The maximum distance depends on both the
density of such defects and localization degree. Meanwhile, a further
emerging decline is related to the droop process, which effectively reduces the
carrier lifetime and, subsequently, diffusion length. In Fig. 3.31(b) the
continuously increasing diffusivity even well above the droop onset proposes
the diffusion-driven defect recombination as the cause of the droop process.
Then again, the Auger term was successfully used in the ABC model to
describe both lifetimes and IQE curves of the current samples. Furthermore,
LITG carrier lifetimes at high carrier densities above the droop onset scale as

T X % (Fig. 3.31(b)), which is a clear indication of Auger recombination [N1].

Hence at this point it is reasonable to say that both diffusion-driven and Auger
recombination are present, however, the latter appears to be the dominating
cause of the droop in the current case.
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Fig. 3.31. Dependence of the diffusion length on carrier density (a). Diffusivity and
the carrier lifetime dependence on carrier density in the sample with a 3 s growth pulse
interruption time (b). Yellow stripes indicate the region of droop onsets.

In conclusion, this chapter shows the definite benefits of a pulsed MOCVD
growth mode through the improvement in IQE. At the same time, a complex
mechanism behind the pulsed growth of InGaN MQWs is unveiled with a
study of the non-monotonous changes that the increasing precursor supply
interruptions lead to, as evidenced by the non-monotonous peak position shifts
and changes in the ABC model coefficients. It appears that migration of
deposited atoms leads to their better distribution when there is enough time
and there are enough energetically favorable lattice positions to attach to. In

the investigated samples, this happens in a threshold-like manner, after a
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sufficient number of excess atoms evaporates and the surface gets fairly
nitridized. A better quality material with better localization conditions is then
obtained, which can be indicated by shorter diffusion lengths. Hence, careful
optimization of timing in the pulsed growth regime is necessary to achieve
higher efficiencies. A fast recombination process and continuously growing
diffusivity at high carrier densities reveal the presence of both Auger and
diffusion-driven non-radiative recombination. The former appears to be
causing the efficiency droop in the current samples.
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3.6. Impact of gross well-width fluctuations on localization conditions

Well-width fluctuations limit the diffusivity of non-equilibrium carriers,
one of the key efficiency-determining factors in nitride-based LEDs. These
fluctuations result in the typical localization lengths of carriers within the
range of 10 nm [80,86,87]. They are generally exceeded by the typical carrier
diffusion lengths of the order of tens [61,232] or hundreds [122] of
nanometers, therefore it sounds reasonable that the introduction of additional
barriers spaced within the two boundaries should improve the overall
localization. This was done in the work by Oliver et al. [164], where the
presence of gross well-width fluctuations revealed a much higher quantum
efficiency as a consequence of diminished non-radiative recombination by
creating additional barriers to carrier diffusion. However, this physical model
was not complemented up to now by direct measurements of carrier dynamics
and diffusivity in these so-called “gappy” QWs. In this chapter, samples with
an intentionally highly-fluctuating QW width profile are investigated by
LITG, DT and TIPL techniques. It is shown that the fall of diffusivity is
connected to the increased peak IQE due to the enhanced rate of radiative
recombination, leaving less carriers for the non-radiative recombination
channel.

The samples under study are two MQW structures with uniform (1T, Q2T
in Table 1) and two MQW structures with highly fluctuating QW width
profiles (2T, T-bounce in Table 1). The latter are so thin in some parts that
barriers penetrate the wells and form the gaps in them, hence the name gappy.
The active layers, consisting of 10 QWs, were grown on 5 um GaN pseudo-
substrates. Gappy MQWs were formed by ramping the temperature up
immediately after the completion of each QW growth, which led to the
significant loss of indium due to evaporation at certain locations of the
exposed InGaN layers. Temperature ramping was performed over a certain
period under ammonia without fluxes of metal-organics. After the ramping,
either a higher temperature growth of GaN barrier was performed (2T), or the
barrier was grown after the temperature was brought back to the initial value
(T-bounce). As for the uniform thickness MQWSs, either no temperature
ramping was done (1T), or prior to it a narrow protective GaN layer was grown
(Q2T), wherefore the loss of indium was prevented. Full details on sample
growth can be found in [164].
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Figure 3.32 shows IQEs as functions of carrier density, evaluated by TIPL
measurements. Here gappy samples standout with much higher 1QEs at low
non-equilibrium carrier concentrations. However, at higher carrier densities
(above ~10*° cm™3), efficiency curves appear to be converging and show quite
similar values. This is in a good agreement with the results reported earlier in
[164].
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Lower droop onset carrier densities in gappy samples suggest stronger
localization in them, which is evidenced by significantly smaller diffusion
coefficients at carrier densities below ~10Y° cm® (see Fig. 3.33). At
3x10*8 cm?3, Dis 0.1 and 0.22 cm?/s in gappy samples, and 0.44 and 0.5 cm?/s
in uniform profile samples. This coincides with up to 4-times larger activation
energies for carrier delocalization, as calculated in [164] and [233]. However,
at higher carrier densities, there appear to be no systematic differences
between the diffusion coefficient values among the samples. This may stem
from the delocalized carriers eventually occupying the extended states
[183,189] [P2] and is probably the reason why values of IQEs are quite similar
at high carrier densities (Fig. 3.32). It once again proves that diffusivity plays
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a key role in the nitride-based LED efficiency and nonetheless influences the
droop process.
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Fig. 3.34. LITG carrier lifetime (a) and diffusion length (b) as functions of carrier
density.

Interestingly, carrier lifetimes, contrary to what one would expect in a
strongly localized system, are also shorter in gappy QWSs (at least at high
carrier densities, see Fig. 3.34(a)). Having in mind higher IQEs, this may come
from faster recombination through a radiative channel, such as bimolecular
recombination. This implies that the decrease of diffusivity promotes the
probability for an electron and hole to meet and annihilate radiatively and
reduces the effective carrier lifetime. Consequently, this leads to more than 2
times shorter diffusion lengths in gappy samples, which very likely prohibit
the carriers from reaching more distant defects (Fig. 3.34(b)). As the TEM
images show [164], in the sample with the highest number of gaps (T-
bounce), their arrangement in some areas reaches distances even shorter than
50 nm. This may be the origin of the drastic reduction in the diffusion length
as carrier movement is restricted by a large amount of potential barriers, which
may be too high to hop over.

A simple ABC model with the exact same procedures as in Chapter 3.5
was used to extract the SRH, bimolecular, and Auger recombination
coefficients. The carrier lifetime was obtained from spectrally-integrated DT
kinetics and used for modelling (Fig. 3.35); modelling results are presented in
Table 2. The SRH recombination lifetime (1/A) is longest in the sample that
was capped prior to the temperature ramping probably due to thermal
annealing of defects in InGaN [234]. Meanwhile, B and C coefficients in
gappy samples exceed those in the uniform width profile samples by
approximately one order of magnitude. This explains an earlier droop onset in
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gappy samples and why higher IQE values appear together with shorter carrier
lifetimes. Enhanced localization increases the rate of radiative recombination,
which effectively leaves less carriers for non-radiative recombination at
defects. Defect density may not differ drastically between the samples, but
higher population of localized states allows more electrons and holes to
recombine radiatively. This can be supported by the fact that more uniform
and more intense cathodoluminescence (CL) intensity maps were obtained in
gappy QWs [234]. A recent work also showed an increased radiative
recombination rate in near-UV LEDs due to higher potential energy
fluctuations caused by a higher In content [48].
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Table 2. ABC modelling results of the samples with uniform and gappy QW width
profiles.

1T 2.6

. 9 23 2.35
Uniform
Q2T 9 39 34 5.1
2T 3 21 11 20
Gappy
T-bounce 2 27 30 56

B and C coefficients present a strong linear correlation (Fig. 3.36). Such a
connection can mean that the energy transfer to a third particle in a three
particle Auger process heavily depends on the initial stage — a two particle
process, which can basically be seen as bimolecular recombination. Hence,
stronger localization increases the rate of bimolecular recombination and the
same applies to Auger recombination. On the other hand, Auger
recombination itself can be enhanced by the increased potential fluctuations

through scattering [112] and increased uncertainty of the momentum [115],
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with both easing the conservation of momentum. Either way the outcome is
faster Auger recombination in samples with gross well width fluctuations.
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In conclusion, investigation of carrier dynamics revealed up to nearly 2
times higher peak IQEs in samples with gappy QW width profiles due to up
to 4 times reduced carrier diffusivity. This is the outcome of additional barriers
provided by gross well-width fluctuations that increase the localization so
more carriers get trapped in the localized states. This in turn increases the
radiative recombination rate, thus leaving less carriers to reach the defect
states. Reduction of the diffusion coefficient and the carrier lifetime gives
more than 2 times shorter diffusion lengths in gappy samples. From the simple
ABC modelling results, Auger recombination appears to be strongly
connected to the magnitude of potential fluctuations.
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3.7. Efficiency curve characteristics of an efficient light emitter. Limits of
the simple ABC model

PL spectra are often used as the main instrument to get the first impressions
about samples as they are relatively easy to obtain and do not require special
preparations. They carry information about the peak position, linewidth,
intensity, etc. Collecting PL spectra at various excitations allows graphing of
the efficiency curves, which can then be used to evaluate the droop onset and
other parameters, such as efficiency rise rate and droop rate. However, only
PL intensity is usually used to assess improvements in samples without fully
exploiting other available data. In this chapter, correlations between the
efficiency curve parameters and other important parameters, such as the peak
IQE and diffusion coefficient, are investigated in a large array of different
InGaN MQWs samples from Table 1. A prognostic potential of the efficiency
curve peculiarities is presented. Furthermore, limits of the basic ABC model
are discussed in terms of its applicability.
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In Fig. 3.37 the peak IQE vs the corresponding carrier density is shown, as
extracted from the efficiency curves measured by TIPL in an integrating
sphere. An important tendency is seen here — the lower the droop onset carrier
density, the higher the peak IQE can be achieved in samples. In other words —
there appears to be a certain upper boundary at higher droop onset carrier
densities. Because diffusivity directly correlates with carrier density, this may
be attributed to the diffusion-driven non-radiative losses at the defects, which
fundamentally limit the maximum peak IQE. At the current state of the nitride-
based device growth technology, such losses cannot be avoided, as relatively
high defect densities are expected even in a high-grade final product.
Meanwhile, diffusivity depends on other factors like alloy and well width
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fluctuations, not to mention that defectiveness of the materials also has a huge
impact on efficiency. Therefore there are peak IQE values that are well below
the upper boundary, even at the lowest droop onset carrier densities. Hence
the possible peak IQEs are scattered in an area marked by a red triangle in the
graph. This suggests that only samples with relatively low defect densities and
suitable localization conditions can reach the boundary (but not exceed it),
while others will be positioned somewhere within the triangle. Naturally, one
finds that keeping the droop onset as low as possible is necessary for the
possibility to obtain 100% peak efficiency. Enhancing carrier localization is
one way of doing this. This can be supported by the increase of peak IQEs and
earlier droop onsets when PL is measured in the same samples but at lower
temperatures [66,235]. Reduction of carrier diffusivity in QWs at lower
temperatures [121] indicates stronger localization and leads to smaller non-
radiative recombination at defects although the material quality remains the
same.

The usual processes behind the initial rise of the 1QE curve are the
increasing with carrier density quadratic bimolecular recombination rate
[104,166] [P1,P3] and saturation of non-radiative recombination centers
[66,205]. On these basis, the rise rate should be carrying some valuable
information, as it is expected that the said processes should give different
slopes. For example, in the case of dominating bimolecular recombination, the
PL emission intensity would rise with carrier density squared [198]

(Ip, cBN?), whereas the quantum efficiency rise rate should be proportional

2
to carrier density (IQEp, oc% oc% aN). As for other rise rates, they might

be indicating the involvement of other mechanisms, such as point defect
saturation or exciton recombination. To find the correlation between the peak
IQEs and the initial rise rates of IQE curves, the steepest parts of the latter
were fitted with a power function (Fig. 3.11 top)

IQEPL odng' (310)
The exponent ywill be further regarded as the efficiency rise rate.

In Fig. 3.38(a) the peak IQE vs y is presented. A general trend of the
decreasing peak IQE with a steeper efficiency rise is observed. Some of the
samples reach nearly 40% when y values are below 1, which suggests a
significant role of bimolecular and/or exciton-like radiative recombination
mechanisms. This can be explained with the fact that the efficiency of the
correlated electron-hole pair recombination should stay constant with
excitation up till the droop onset, as each generated electron is expected to
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recombine with its associated hole, which is usually seen at low temperatures
[66,198]. Meanwhile, for bimolecular recombination the rise rate should be
proportional to carrier density. SRH recombination, whose efficiency should
be independent of carrier density, also takes place, and has a huge impact in
samples with low peak IQEs. Therefore, the values of the rise rate fall between
0 and 1 as a result of three competing recombination channels, and dominance
of one or another leads to different peak IQEs. However, this cannot explain
faster than 1 rise rates.

T o T T 10 T T J
40 - i
Q(ﬁ [ oo oo
%O o DDDDEI [m]
g | & @ | . g, O oo
m 20 OOOO 435 1o = QD (b)é
S| g ° g o By, © f
= gfoo o \E o g o ™
~ o Og)og 8@ 00 ® g T
1 L 1 L 0.1 | L |

7 (arb. u.)

1018

1019

1020

Droop onset carrier density (cm®)

Fig. 3.38. Peak IQE vs the efficiency rise rate y(a). Correlation between the efficiency
rise rate and the droop onset carrier density (b). Red interior marks m-plane samples.

Fig. 3.38(b) shows that higher y values correlate with higher droop onset
carrier densities. As determined from earlier results, a higher droop onset is
associated with weaker localization and a faster non-radiative recombination
rate. Droop onsets that occur at higher driving currents were also revealed in
areas of MQW structure’s electroluminescence maps where non-radiative
recombination is stronger [234]. All this implies that  >1 is connected to
higher order non-radiative losses, very likely diffusion-driven. Then the
higher droop onset itself may come from the fact that before reaching the peak
IQE value, more charge carriers are needed to saturate the defects [66,205].
This is burdened by the fact that their effective density (that carriers can reach)
increases with the filling of the states and subsequently growing
delocalization. This leads to the increasing with carrier density non-radiative
recombination rate, which is responsible for steeper rise rates.

The relation of efficiency rise rate to localization is evidenced by higher y
values with the increasing diffusion coefficient (Fig. 3.39). These results are
interesting in the context of types of droop curves. Generally, there are two of
these: type | with a slow efficiency rise and a slow decay, and type Il with a
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fast rise and a fast decay [205,236]. There have been debates on which is more
preferable, even a desirable type 111 was suggested, with a fast rise and a slow
decay. The latter is uncommon, and from the usually observed curves, type |
appears to be favorited by the literature, because the droop effect comes at a
lower cost at increased carrier densities. However, the curves presented in
various works are usually given in arbitrary units and in small sets of quite
similar samples, thus choosing such preference may be controversial. In this
work, the results in a large array of very diverse samples clearly point out that
a slow rise should be the one to seek for the maximum peak IQE, which
apparently is a subject to low diffusivity and low droop onsets. In the work
[P2], the thresholds of PL and DT (within the PL window) signal saturation,
which is closely related to the droop onset, were higher in samples with more
indium. This was ascribed to more localized states that need to be saturated
(due to higher In content fluctuations). Though in the current context this may
also be due to higher number of defects to saturate, as the samples with higher
In content showed poor emission outputs. This was also accompanied by a
drop of carrier lifetimes in all the electronic states monitored by both TRPL
and DT.
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carrier density. Red interior marks m-
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Next the limitations of the standard ABC model with carrier density-
independent coefficients are discussed. It was attempted to fit the IQE curves
and carrier lifetimes (extracted from the initial parts of the spectrally-
integrated DT transients) of 40 c-plane samples from Table 1 (V1-T815) by
following the same procedures as in Chapter 3.5. As it turned out, only a part
of samples was well described by a simple model, as both the modelled carrier
lifetimes and IQEs sufficiently complied with the experimental results (Fig.
3.40(a) and (b)). For other samples, addition of the increasing with carrier
density non-radiative recombination term was necessary. In another part of
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samples, however, the modelling failed, as it was impossible to find ABC
coefficients that would match the measured droop onset. These findings are
summarized in Fig. 3.37, where a good match was achieved between the
experimental and ABC-modelled curves for all samples with peak IQEs
roughly above 20%. For the majority of samples below 20% peak IQE, the
standard B coefficient was replaced with B* = B,yq + Bronrada: @
composition of radiative and non-radiative terms, to reduce the modelled peak
IQE values so that they match the experimental ones. Such a modification can
be justified by the presence of diffusion-driven non-radiative losses, which
scale with excitation due to the increasing density of delocalized carriers. The

modified equations are:

1
==A+ (Brqa + Bnonraa)N + CN?, (3.11)

T

IQE = Brad (3.12)

A+(Brad+3nonrad)N+CN2.

Here, the B* term is assumed to be constant throughout all excitations. In order
to better fit inclines and declines of the IQE curves, effects such as the phase-
space filling [96] and the associated break-down of quadratic (BN?) and cubic
(CN®) dependencies [142,237] should be considered, but for the sake of
simplicity, they are omitted. Traces of stimulated recombination were not
observed, neither in PL spectra nor in DT kinetics even at the highest
excitations, therefore this process is not included as well. As for diffusivity —
its impact is assumed to be reflected in the used recombination coefficients.
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Fig. 3.40. Measured and modelled IQEs (a) and carrier lifetimes (b): data points
correspond to the experimental results, curves correspond to the modelled results. The
dashed orange line in (a) depicts the overestimated 1QE values when B,,,nrqa = 0.

The upper results suggest that a simple ABC model is limited only to
relatively efficient samples, where Auger recombination is a feasible droop
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cause. This makes sense in the context of the results presented in Chapter 3.6:
the Auger recombination coefficient directly correlates with the bimolecular
recombination coefficient. As the peak IQE decreases, the discrepancy
between the measured and modelled values increases. The origin of this could
be the emergence of an alternative droop cause, such as diffusion-driven non-
radiative recombination. Thus, as the properties of samples deteriorate with
the growth of defect density or with the decrease of localization strength, the
role of Auger process is reduced. In fact, it was shown that weaker localization
correlates with the lower C coefficient [112]. Simultaneously, the probability
of recombination at the defects increases. At first, only the peak IQE falls
behind the initially expected values and B,, .44 COMeS into play, with Auger
still remaining the leading droop mechanism. Later the recombination process
at the defects intensifies even more and it subsequently starts to dominate over
the Auger recombination. This is where the largest discrepancies arise and,
depending on other conditions, it may become impossible to describe samples

with a simple ABC model.
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Modelling coefficients of the well-fitted dependencies demonstrate
correlations with droop onset carrier densities. SRH recombination coefficient
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values, although fairly scattered, correlate positively (see Fig. 3.41(a)). The
higher rate of this recombination can be attributed to weaker localization,
inherent to samples with higher droop onset carrier densities, and higher defect
densities. Meanwhile, quadratic recombination coefficient B® tends to
decrease in samples with higher droop onsets, as shown in Fig. 3.41(b). In the
same graph, Brg, the radiative recombination term in B”, is also plotted, and
the same trend is seen. Linear fits of B” (black line) and Brag (blue line) reveal
a growing separation between the two. This means that not only the quadratic
recombination rate decreases with higher droop onset carrier density, but its
non-radiative part Bnonrag increases as well. All this checks with SRH
recombination consuming more carriers and weaker localization leading to
higher diffusion-driven non-radiative losses. Auger recombination coefficient
also negatively correlates with the droop onset carrier density, which meets
the reduction of Auger scattering at the presence of weaker localization (Fig.
3.41(c)). However, this may be an indirect correlation, since theoretical
calculations have shown decreased C values in wider wells [114], where
higher droop onset carrier density is expected. Nonetheless, the idea that
Auger is mostly significant in highly efficient samples is still supported.

In summary, the main peculiarities of the TIPL efficiency curves in
samples with high peak IQEs were described. The lower droop onset carrier
density accompanied with a slower efficiency rise rate should be favorited and
can be used for a quick evaluation of the optimal growth conditions or
structural sample parameters on the way to achieve the highest peak IQEs.
This is because steeper slopes and higher droop onsets correlate with higher
diffusivity, which is an indication of weaker localization and, subsequently,
higher non-radiative losses at the defects. All this is confirmed with the simple
ABC modelling, performed in a large array of samples, where A coefficient
increases, while B and C coefficients decrease with higher droop onset carrier
densities. The modelling results also imply that the simple ABC model will
most likely work with the highly efficient samples only, where Auger
scattering seems to be a valid droop cause, while for other samples with low
efficiencies — more variables are needed, as the droop process may be
influenced by other complex mechanisms.
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3.8. Generalized recommendations for growth

The results from this thesis indicate that suppression of ambipolar in-plane
carrier diffusion is necessary to reduce the non-radiative losses at the defects
in InGaN QWs. This is relevant to the present technology because currently
used solutions to improve material quality, such as the lattice matched
substrates or overgrowth techniques, increase cost and complexity. There are
several approaches presented in this work, and by combining them together,
one should have a strong framework for the growth of an efficient nitride-
based light emitting device.

Starting from the underlying layers, insertion of a strain relieving layer like
a superlattice before the active layer should be a mandatory procedure, as it
reduces the internal electric fields inside QWs and leads to lower carrier
delocalization.

Going up to the active layer, thinner wells enhance localization through the
increased carrier scattering due to higher potential fluctuations. The wells
should be narrow enough (<3 nm) to provide the optimal localization
conditions and the overlap of carrier wave functions, but not too thin (=2 nm)
so that enough of the effective optically active volume is ensured. The QW
width also depends on the desired wavelength of emission, however a better
approach for longer emission wavelengths is including more indium in a
narrow well.

Further improvement of localization can be achieved by using the
temperature ramping after the growth of each QW which causes evaporation
of the In content at random locations and subsequent gross well width
fluctuations. Additional barriers to carrier diffusion enhance the radiative
recombination rate and leave less carriers for the non-radiative recombination
channels.

Pulsed growth of QWs provides additional surface nitridization, allows the
migration of the deposited atoms, as well as evaporation of the excess atoms.
The consequential better atom distribution increases localization, as well as
the quality of the active layer. Timing should be adjusted carefully for
different growth temperatures and precursor partial pressures, however,
longer interruption times appear to introduce better changes.
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CONCLUSIONS

1. Insertion of a short period superlattice results in lower strain and
smaller internal electric fields in the above grown QWs. It is also accompanied
by weaker delocalization, which has a crucial influence on IQE and its droop,
as evidenced by an inverse correlation between the IQE values and the carrier
diffusion coefficient. It was shown that insertion of a SL can increase the IQE
several times.

2. The increasing rate of non-radiative recombination with excitation
can originate from carrier density dependent non-radiative recombination at
the defects. With the addition of saturation of the radiative recombination
coefficient due to the phase-space filling, it can be used to successfully
describe the IQE droop without using the Auger term.

3. Diffusion-driven non-radiative recombination is evidenced by the
increasing ambipolar carrier diffusion coefficient. The latter’s increase rate
with carrier density was to shown to correlate with the onset of efficiency
droop, proving an important role of highly mobile carriers in the efficiency
droop process.

4. An untypical redshift of PL peak that emerges at long delays and
increases with excitation is a direct observation of carrier redistribution
between the localized states of various depths.

5. Higher carrier diffusivity leads to lower peak IQE due to promoted
non-radiative recombination of carriers at the defects. This is evidenced by a
linear decrease of the carrier lifetime with the increasing diffusion coefficient,
obtained at carrier densities corresponding to the droop onset.

6. The ambipolar diffusion coefficient decreases in narrower QWSs,
which is mainly due to higher well width fluctuation-induced potential energy
fluctuations that enhance the scattering of charge carriers.

7. Increased potential fluctuations prohibit the diffusion of carriers to the
extended defects, allowing for the localized states to get filled earlier, and
enhance the Auger scattering, thus giving rise to an earlier droop onset. The
latter is advantageous for peak IQE, since smaller diffusion-driven non-
radiative losses are expected at lower carrier densities.

8. The magnitude of the Stokes shift in InGaN QWs is determined by
the quantum-confined Stark effect, carrier diffusivity, and random alloy
disorder: in wider QWs the carriers fall deeper into triangular potential
minima at the edges, while higher diffusivity allows the carriers to reach the

126



deeper localized states, provided that they are present from random alloy
fluctuations. Strain relief reduces the internal electric fields and In content
fluctuations, therefore Stokes shift may decrease too.

9. The pulsed MOCVD growth mode is advantageous for increasing the
structural quality of the active layer and improving localization conditions,
provided that migrating atoms have enough time and enough energetically
favorable lattice positions to attach to. This happens after a sufficient number
of excess atoms evaporates and the surface gets fairly nitridized. Shorter
diffusion length can be an indicator of a better atom distribution.

10. Temperature ramping-induced QW gross well-width fluctuations
provide additional barriers to carrier diffusivity. Enhanced localization
increases the rate of radiative recombination and prohibits the carriers from
reaching the non-radiative recombination centers, as evidenced by reduced
carrier lifetimes and significantly shorter diffusion lengths.

11. A fast recombination process and continuously growing diffusivity at
high carrier densities reveal the presence of both Auger and diffusion-driven
non-radiative recombination. The Auger process alone can be used to describe
the droop in QWSs with relatively high peak IQE (>20%), while for less
efficient QWs diffusion-driven defect recombination has to be included.

12. The lower carrier density droop onset accompanied with a slower
quantum efficiency rise rate correlate with stronger localization. They may be
used as criteria of the optimal growth conditions or structural sample
parameters on the way to achieve the highest peak IQEs.
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SUMMARY/SANTRAUKA
IVADAS

Sviesos technologijos vaidina labai svarby vaidmenj miisy kasdienybéje:
bendrasis apsSvietimas, indikatoriai ant jvairiy elektronikos prietaisy,
nuotoliniai pulteliai, mélynos, raudonos ir infraraudonos spinduliuotés lazeriai
atitinkamai BLU-RAY, DVD ir CD jrenginiuose, jvairas jutikliai,
vaizduokliai, automobilinis apSvietimas ir t.t. Didzioji dalis minéty
technologijy yra smarkiai i§vystytos, visgi tam prireiké daugiau nei Simto
mety ir keliy technologiniy proverziy. Tad nenuostabu, jog ir Siomis dienomis
mokslininkai ir gamintojai daug démesio skiria Sviesos technologijy
tobulinimui, siekdami dar labiau pagerinti jy naSuma ir kokybe, ka papildomai
skatina visuomenés riipinimasis aplinkosauga ir energijos taupymu.

Nuo pat 1879 mety, kuomet Tomas Edisonas pateiké patenta, kaitrinés
lemputés buvo vienas i$ pagrindiniy $viesos Saltiniy. Nors ir pigus, ta¢iau labai
nenasus, gebantis Sviesa paversti maziau nei 5% elektros energijos ir turintis
mazesnj negu 19 Im/W Sviesinj nasumg. Kaitriniy lempuciy (jskaitant ir
halogenines) rinka §iomis dienomis spar¢iai mazéja, o daugelis valstybiy jau
pradéjo drausti tokiy lempuéiy naudojimg bendrajame ap$vietime [1]. Tai yra
puikiai suprantama, kuomet egzistuoja daug geresnés alternatyvos.

Viena i§ jy — 1938 metais sukurti fluorescenciniai Sviesos Saltiniai. Jy
bendras naSumas gali siekti 40% ir daugiau, tipinis $viesinis na§umas — 60
Im/W, todél tokie Sviesos Saltiniai yra patraukliis, ypa¢ komercinés paskirties
erdvése, tokiose kaip prekybos centrai arba biurai. Deja, $i technologija turi
tam tikrus trikumus, i§ kuriy vienas svarbiausiy yra ultravioletinés Sviesos
konversija fluorescuojancioje dangoje, kuomet ~5.5 eV energijos fotonai yra
konvertuojami j ~2.5 eV energijos fotonus, esancius regimojoje srityje. Toks
Stokso poslinkis reiskia, jog nedaugiau nei 45% UV spinduliuotés energijos
gali buti efektyviai panaudota, tuo tarpu kita dalis yra prarandama kaip Siluma
[2]. Kiti nuostoliai moderniose lempose yra susij¢ su maZzesniu negu 90%
pacios konversijos kvantiniu naSumu fluorescuojancioje dangoje. Negana to,
fluorescencinés lemputés kainuoja gerokai daugiau negu kaitrinés (dél
sudétingesnés konstrukcijos ir didesnio kiekio elektriniy komponenty), dévisi
sparCiau, jei yra daznai jungin¢jamos, turi tam tikra suSilimo laika, kelia
pavojy sveikatai dél naudojamy gyvsidabrio gary, yra sunkiai perdirbamos ir
pritemdomos.
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Kalbant apie $viesinj naSuma, natrio gary lempos (sukurtos 1965 metais)
lenkia anksc¢iau aptartus Sviesos Saltinius su vertémis iki 200 Im/W. Taciau tai
yra pasiekiama dél siauro spinduliuotés spektro, esancio prie pat 555 nm
bangos ilgio, ties kuriuo zmogaus akis turi didziausig jautrj [3]. Dél to spalvy
atitikimo rodikliai (angl. color rendering indexes, CRI) yra prasti, kas reiskia,
jog stebimy objekty, apsviesty natrio gary lempomis, spalvos skiriasi nuo
apsviesty nattiralia Sviesa. Todél tokia apSvietimo technologija pagrinde yra
naudojama lauke (pvz. gatviy apSvietime), kur prioritetas teikiamas
geriausiam matomumui uz maziausig kaina, nepaisant spalvy atgavos.

Kietakiinio ap$vietimo technologijos pradzia — 1962 metais Nick
Holonyak sukurtas raudonas $viestukas (angl. light emitting diode, LED). Si
technologija turi didziulj potencialg uzimti visa $viesos technologijy rinka,
kadangi neturi griezty teoriniy apribojimy pasiekti beveik 100% vidinj
kvantinj naSumg, gali laisvai perzengti 100 Im/W ribg [4] (Sviestuky
gamintojas Cree 2014 metais kambario temperattiroje pasieké net 303 Im/W
[5]), taip pat turi gerokai maziau trikumy, lyginant ja su kitomis Sviesos
technologijomis. Su raudonais, geltonais ir zaliais §viestukais, kuriy pagrindas
yra tokie puslaidininkiai kaip GaAsP, AlGalnP, bei mélynais, zaliais ir
geltonais, kuriy pagrindas — InGaN, galima padengti visg regimaja sritj, kas
atveria placias galimybes: bendrasis ir automobilinis apsSvietimai, spalvoti
vaizduokliai televizoriams ir mobiliesiems telefonams, projektoriai,
adaptyvaus spektro $viesos $altiniai optimaliai spalvy atgavai [6] arba augaly
auginimui, ir t.t. 2016 metais Sviestuky rinka buvo jvertinta beveik 30
milijardy JAV doleriy, su prognozémis iki 2022 mety padvigubéti [7,8].

Pagrindiné medziaga mélynos Sviesos emisijai — InGaN — Siuo metu yra
intensyviai tyriné¢jama mokslininky i$ viso pasaulio. Ji yra naudojama nasiems
mélyniems, zaliems ir baltiems (pasinaudojant konversija fosforuose, pvz.
geltoname YAG:Ce®") Sviestukams. Taciau, naudojantis draustinio tarpo
inzinerija — keiciant junginyje InN ir GaN santykj — yra teoriné galimybé su
InGaN padengti ir visg regimosios srities spektra. Deja, junginiai su didele
InN moline dalimi zaliai emisijai pasiZymi prasta struktiirine kokybe dél
defekty formavimosi ir dideliais vidiniais elektriniais laukais, o tai lemia
mazus vidinius kvantinius nasumus (VKN, ~30%, kuomet mélynuose
dariniuose jie gali siekti ~90% [9]). Situacija blogéja slenkant toliau link
raudonosios spektro dalies. Tuo tarpu AlGalnP sistemoje defekty tankio
augimas yra lydimas peréjimo i$ tiesiatarpio puslaidininkio j netiesiatarpj,
kuomet keiCiant emisijos bangos ilgj nuo raudonos iki zalios ir toliau yra
didinamas aliuminio kiekis [10,11]. Siy na$umo mazéjimy kombinacija
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sudaro tam tikrg sritj (~550-600 nm), kurioje vidiniai kvantiniai naSumai yra
tokie mazi, kad tampa sunku konkuruoti netgi su kaitrinémis lemputémis — tai
yra efektas, Zinomas kaip ,,zaliojo tarpo* (angl. “green gap”) problema.

Akivaizdu, jog ,.,Zaliojo tarpo* uzpildymas yra svarbi uzduotis, ir ne tik dél
energijos taupymo sumetimy. Pilnai iSnaudoti kietakinio apSvietimo
potencialg galima tik pasitelkus spalvy maiSymo metodus be konversijos
fosforuose [12]. Taip pat, tai sudaryty galimybes gaminti vaizduoklius
Sviestuky pagrindu, panasiai kaip ir organiniy $viestuky (angl. organic light
emitting diode, OLED) technologijoje, kuri jgalina daug didesnj kontrasto
santyk] ir spalvy sodruma, lyginant su dabar rinkoje dominuojanciais skystyjy
kristaly vaizduokliais (angl. liquid crystal displays, LCDs), kuriuos riboja tai,
jog juy veikimo pagrinda sudaro $viesos i§ galinés dalies filtravimas. Tuo tarpu
organiniy $viestuky vaizduokliai yra brangis, o juos sudarantys taskai su laiku
degraduoja — ¢ia taSkai neorganiniy Sviestuky pagrindu tikrai bity
konkurencingi. Galimybé raudonus, Zalius ir mélynus taSkus kurti tos pacios
medziagos pagrindu leisty i§vengti keblumy, kylanciy dél skirtingy medziagy
integravimo viename luste, o tai leisty sumazinti gamybos kaing ir
sudétingumg. InGaN Siuo metu yra geriausias kandidatas ,,zaliojo tarpo‘
jveikimui, todél daug démesio yra skiriama paieskai biidy, kurie leisty Sios
medziagos kokybe pagerinti.

Deja, InGaN pagrindu kuriami Sviestukai turi dar vieng problema — taip
vadinamg nasumo krytj (angl. droop effect), dél kurio aukstuose elektros
srovés tankiuose sumazéja naSumas. Jis tampa ypatingai svarbus kalbant apie
didelés galios Sviesos Saltinius — tam, kad bty pasiekti dideli fotony srautai,
tenka leisti stiprias sroves, dél ko nukencia naSumas, arba tenka naudoti daug
lusty, per kuriuos leidziamos silpnos srovés, dél ko zymiai iSauga sistemos
sudétingumas ir kaina. Nors nasumo krycio problema sulaukia daug démesio,
taciau jos kilmei paaiskinti egzistuoja tik teorijos, i$ kuriy Oz¢ (angl. Auger)
rekombinacija [13] turi stipriausig palaikyma, tuo tarpu pilnai veikianciy
sprendimo biidy iki Siol néra pasiilyta.

Akivaizdu, jog ,,zaliojo tarpo® ir naSumo kryc¢io problemas biitina iSspresti
tam, kad buty galimybé pilnai iSnaudoti kietakiinio apSvietimo potencialg ir
toliau tobulinti apSvietimo technologijas. Sprendimy paieSka pastaruoju metu
létai juda, o per pastarajj deSimtmetj buvo pasitilyti daugiausiai tik nedideli
patobulinimai. Todé¢l verta apsvarstyti ir kitus inovatyvius biidus, kurie leisty
padidinti naSuma. Bet kuriuo atveju, tam yra bitinas pilnas supratimas apie
procesus, vykstancius InGaN Sviestukuose emisijos metu.
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Pagrindinis tikslas

Pagrindinis Sio darbo tikslas yra jgyti gilesnes zinias apie spindulinius ir
nespindulinius rekombinacijos procesus InGaN kvantinése sandarose ir
apibrézti struktiirinius bei medziagos parametrus, kurie Siems procesams turi
didziausia jtaka, pasinaudojant viena kita papildan¢iomis nedestruktyviomis
optinémis zadinimo-zondavimo metodikomis. Surinktus rezultatus tikimasi
panaudoti Sviestuky aktyviosios srities optimizavimui siekiant didziausio
kvantinio nasumo bei aiSkesniam nasumo krycio supratimui.

Darbo uzdaviniai

o Ivertinti absoliutines vidinio kvantinio naSumo ir sugerties
koeficiento vertes InGaN sandary su kvantinémis duobémis (KD)
aktyviosiose srityse. Sios vertés yra reikalingos nasiausiy bandiniy i§skyrimui
bei tam, kad kuo tiksliau biity palyginami nuo nepusiausviryjy kravininky
tankio priklausantys procesai nasiuose ir nenasiuose dariniuose.

e  Optiskai istirti krivininky dinamikos kitima dideléje imtyje InxGai.xN
dariniy, pritaikant platy suzadinimy diapazona, virSijant] ir nevirSijantj
nasumo krycio slenkstj.

e  Rasti koreliacijas tarp struktiiriniy parametry, medziagos savybiy ir
VKN In,GaixN sandarose.

e  Sickiant daugiau suzinoti apie galimas nasumo krycio priezastis —
sumodeliuoti nuo kriivininky tankio priklausancius rekombinacijos procesus.

e Apibendrinti gautus rezultatus ir pateikti rekomendacijas InGaN
Sviestuky aktyviosios srities optimizavimui.

Mokslinis naujumas ir svarba

Siame darbe ypatingai daug démesio yra skiriama tiksliam kraivininky
tankio jvertinimui kiekviename bandinyje su jo specifiniu sugerties
koeficientu. Tai leidzia tikslesnj procesy, priklausanciy nuo kravininky
tankio, palyginima skirtinguose InGaN KD dariniuose, lyginant su kriivininky
tankio skaiCiavimu naudojantis literatiroje pateikiamomis vidutinémis
vertémis — naudojantis pastarosiomis néra atsizvelgiama j kiekvieno bandinio
individualias savybes.
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Kambario temperatiiros vidiniai kvantiniai nasumai tiesiogiai jvertinami
integruojancioje sferoje matuojant KD sugertj ir emisija, papildomai
jvertinant sugert] Zemiau esanciuose storuose buferiniuose sluoksniuose.
PrieSingai nei vertinant VKN i§ nuo temperatiiros priklausan¢iy matavimy,
toks metodas yra paprastesnis ir nepasikliauja prielaida, jog Zemose
temperattirose nespindulinés rekombinacijos kanalas yra pilnai nuslopinamas.

Optimalaus InGaN Sviestuko dizaino paieSkg apsunkina didelis kiekis
kintamyjy prietaiso gamyboje ir charakterizavime — procesa palengvinty
prisiri§imas prie vieno parametro, pagal kurj galima biity tobulinti Sviestuko
dizaing. Siame darbe atskleidZiama neigiama koreliacija tarp kriivininky
difuzijos ir kvantinio naSumo gali jgalinti tokig koncepcija. Kadangi
koreliacija yra stebima tarp didelio kiekio skirtingy bandiniy, sitiloma
difuzijos koeficientg laikyti kaip universaly nasuma apribojantj parametra.
Galimybé sumazinti difuzijos koeficientg keic¢iant KD storj bei modifikuojant
auginimo procediiras atrodo perspektyviai tolesniam InGaN Sviestuky
tobulinimui.

Sunkumai nustatant neabejoting naSumo kry¢io priezastj yra tikimai susij¢
su vienalaikiu keliy mechanizmy pasireiSkimu. Eksperimentiniai rezultatai ir
modeliavimas rodo tiek difuzijos salygota rekombinacijg defektuose, tiek ir
0z¢ rekombinacijg. Panasu, kad vyraujantj mechanizma nulemia lokalizacijos
saglygos ir medziagos kokybé. Kadangi Oz¢é rekombinacija vyrauja
nasSiausiuose bandiniuose, tai gali biiti paaiskinimas, kodeél standartinis ABC
modelis negali buti pritaikytas prastos kokybés bandiniams.

Ginamieji teiginiai

e Didesné kravininky difuzija InGaN KD dariniuose lemia mazesnj
maksimaly vidinj kvantinj na§uma. Sis fundamentinis apribojimas atsiranda
dél spartesnés nespindulinés delokalizuoty kriivininky rekombinacijos
defektuose, kurig patvirtina tiesiSkai mazéjanti krivininky gyvavimo trukmeé
augant difuzijos koeficientui.

e  Kriivininky difuzija mazéja siaurinant InGaN kvantinés duobés storj
dél isaugusiy potencialo fluktuacijy, kurias sukelia duobés storio fluktuacijos.
Apribodama galimybe pasiekti nespindulinius rekombinacijos centrus,
iSaugusi kriuvininky lokalizacija sumazina slenksting naSumo krycio
kriivininky tankio vertg ir leidZia pasiekti didesnius maksimalius VKN.
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e  Maksimalus VKN InGaN kvantiniuose dariniuose gali biiti padidintas
sumazinus difuzija, ka galima pasiekti: (i) jterpus supergardelés tarpsluoksnj,
kuris susilpnina kriivininky delokalizacija, (i1) pritaikius impulsinio auginimo
MOCVD rezimg, kuris pagerina lokalizacijos salygas dél geresnio atomy
i§sidéstymo bei (iii) pakélus temperatiirg tuoj po KD uzauginimo, kas sukuria
barjerus kriivininky difuzijai.

e  Dominuojanti naSumo krycio priezastis priklauso nuo medziagos
kokybés, kurig apibrézia maksimalaus VKN verté: nustatyta, kad vyraujantis
mechanizmas geros kokybés InGaN kvantiniuose dariniuose yra 0Ozé
rekombinacija, kuomet prastos kokybés dariniuose svarbesnis mechanizmas
yra kriivininky delokalizacija ir judéjimas link nespindulinés rekombinacijos
centy. Apytikslé maksimalaus VKN riba, skirianti tokius darinius, yra ~20%.
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1. METODINE DALIS

Siame darbe pristatyti rezultatai gauti atliekant matavimus keliomis viena
kita papildanciomis optinémis metodikomis, kuriy pagalba bandiniuose
stebétos sugerties/emisijos bei nepusiausviryjy kriivininky dinamikos
ypatybeés.

Eksperimentuose buvo naudojama PHAROS lazeriné sistema,
generuojanti 1030 nm (~1.2 eV), 30 kHz pasikartojimo daznio ir 250 fs
trukmés impulsus. Zadinanéiojo pluostelio bangos ilgio parinkimui, $ie
impulsai buvo leidziami per ORPHEUS optinj parametrin;j stiprintuva, galintj
keisti bangos ilgj 600-2600 nm diapazone, tuomet per antros harmonikos
generacijos kristala. Aktyviosios dariniy srities selektyviam zadinimui
naudoti ~390-392 nm (~3.18-3.16 ¢V) impulsai, kuriy bangos ilgis parinktas
taip, kad bty vir§ijama KD esanciy bliseny energija, taciau tiesiogiai nebiity
zadinami kiti greta esantys sluoksniai.

Zadinimo-zondavimo metodikose vélinimui pasitelktas AEROTECH
PRO165LM transliacinis stalas, galintis judéti iki 2 m/s greic¢iu, 1 um
tikslumu.

Tam, kad biity uztikrinta suzadinimy atitiktis tarp skirtingy metodiky,
zadinanciyjy pluosteliy diametrai buvo iSmatuoti su Thorlabs CCD pluosto
profiliavimo kamera. Zadinimo galios matuotos OPHIR Nova 2 lazerio galios
matuokliu.

Visi matavimai atlikti Vilniaus universiteto Fotonikos ir nanotechnologijy
institute, Lietuvoje.

1.1. Laike integruota fotoliuminescencija ir VKN jvertinimas

Laike integruota fotoliuminescencija (LIFL) — viena papras¢iausiy darbe
naudoty metodiky. Jos metu per nustatyta ekspozicijos trukme i§ suzadinto
bandinio yra registruojama emituota §viesa. Siame darbe ji surenkama
Sviesolaidziu j AvaSpec ULS 2048 spektrometra, turintj 300 linijy/mm
difrakcing gardele. Kvantinio nasumo jvertinimui bandiniai talpinami j 6 coliy
diametro SphereOptics integruojancia sfera, kurioje pasitelkiamas trijy
matavimy metodas (angl. three measurement approach) [158]. Jo metu
iSmatuojami trys spektrai: pirmas — be bandinio sferoje, antras — su nusuktu
nuo zadinan¢iojo pluostelio bandiniu sferoje, ir treCias — su atsuktu |
7adinantjjj pluostelj bandiniu sferoje. Sio bado privalumas yra tas, jog yra
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Ivertinama netiesiogiai sugertos Sviesos dalis, atsirandanti nuo zadinanciojo
pluostelio sklaidos ir atspindziy integruojancioje sferoje. Reikia paminéti, jog
Siame darbe taip pat jvertinta ir sugertis GaN buferiniame sluoksnyje per
donory-akceptoriy poras. Zadinanéiajai 390-392 nm spinduliuotei buvo
suskaiCiuotas 225 c¢cm™ sugerties koeficientas, tai leido tiksliau jvertinti
aktyviojoje srityje sugertos Sviesos kiekj skai¢iuojant kvantinius naSumus ir
sugerties koeficientus. Pasinaudojant pastaraisiais bandiniuose buvo
suskaiciuoti individual@s kravininky tankiai.

1.1. Laikinés skyros fotoliuminescencija

Laikinés skyros fotoliuminescencija (LSFL) praplecia LIFL ribas leisdama
stebéti, kaip spektrinis emisijos pasiskirstymas kinta per tam tikrg laikg po
suzadinimo. Tai suteikia papildoma informacija apie kriivininky dinamika.
Siame darbe naudojamas Hamamatsu C10627 fotochronografas (angl. streak
camera) su Acton SP2300 monochromatoriumi.

1.2. Skirtuminis pralaidumas

Laikines skyros skirtuminio pralaidumo (SP) spektroskopija papildo FL
metodikas suteikdama galimybe stebéti elektroniniy biiseny, tiek
dalyvaujanciy, tiek ir nedalyvaujanéiy $viesos emisijoje, uzimtumo kitima
nuo laiko. Tai gali duoti vertingg informacijg apie krtivininky persiskirstyma
tarp minéty biiseny. Metodo esmé — zondo su gana plac¢iu spektriniu skirstiniu
(Siame darbe nuo ~360 iki ~530 nm) sugerties pokytis bandinyje, kuomet Sis
yra suzadinimas. SuZadintame bandinyje pasikei¢ia elektroniniy biiseny
uzpilda, todél tam tikry bangos ilgiy zondo komponentés yra arba stipriau,
arba silpniau sugeriamos, lyginant su nesuzadintu bandiniu. Vélinant zonda
zadinanciojo pluostelio atzvilgiu, stebimas laikinis skirtuminio pralaidumo
spektry kitimas. SP signalas, matuojamas OD (angl. optical density) vienetais,
pateikiamas kaip intensyvumy santykio tarp pro nesuzadintg bandinj pra¢jusio
zonduojancio pluostelio (Ty(A)) ir tarp pro suzadintg bandinj praéjusio
zonduojancio pluostelio (T, (4,t)) logaritmas ties tam tikru bangos ilgiu A ir

veélinimo trukme t:

A
T(4 1) = log <—TZO(;,2))' 1)
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1.3. Sugertis laisvaisiais kriivininkais

Sugerties laisvaisiais kriivininkais (SLK) metodikoje, kaip ir SP
metodikoje, taip pat registruojamas zondo pralaidumo kitimas. Ta¢iau SLK
atveju zondo sugertis vyksta ne tarp skirtingose juostose esanciy elektroniniy
biiseny, o juostos viduje dél sugeneruoty nepusiausviryjy kritvininky, kadangi
zonduojancio pluostelio fotony energija (Siame darbe ~1.2 eV) yra gerokai
mazesné uz medziagos draustinio tarpo energija. SLK signalas vaizduojamas
kaip

To

T() = In (Tp (t)), @)

kur Ty yra pra¢jusio pro nesuzadinta bandinj zondo intensyvumas, Ty (t) —

praéjusio pro suzadinta bandinj zondo intensyvumas po tam tikros vélinimo
trukmés.

1.4. Sviesa indukuotos dinaminés difrakcinés gardelés

Sviesa indukuotos dinaminés difrakcinés gardelés (SIDDG) yra unikali
metodika, vienu metu leidzianti jvertinti nepusiausviryjy kravininky
rekombinacijg ir difuzija. Jos pagrindas — dviejy koherentiniy zadinanciojo
pluostelio spinduliy interferencija bandinyje, taip jame indukuojant periodinj
nepusiausviryjy kriivininky pasiskirstyma. Sis moduliuoja medziagos lazio
rodiklj ir sukuria difrakcing gardele, nuo kurios dalinai difraguoja
zonduojantis spindulys (jo bangos ilgis Siame darbe — 1030 nm). Nutraukus
suzadinima, difrakciné gardelé pradeda irti dél kriivininky rekombinacijos ir
difuzijos, todél zonduojancio spindulio difrakcijos efektyvumas (santykis tarp
difragavusio ir nedifragavusio spindulio) pradeda kristi. Tokio proceso laikine
priklausomybe galima stebéti uzvélinus zonduojantj pluostelj suzadinimo
atzvilgiu. Difuzijos jtaka dinaminés gardelés irimo kinetikai yra tuo didesné,
kuo staigesnis nepusiausviryjy kriivininky gradientas, t.y. kuo mazesnis
indukuotos gardelés periodas A. Pastargjj galima keisti zadinan¢iuosius

pluostelius j bandinj suvedant skirtingais kampais:
yl

, 3
Zsin(;@) ( )

kur A yra zadinanéiyjy pluosteliy bangos ilgis, @ — kampas tarp jy. ISmatavus

dinaminés gardelés irimo kinetikas prie keliy skirtingy periody ir suskai¢iavus

136



jy irimo trukmes 7, galima jsivertinti krtivininky rekombinacijos trukme tg
ir difuzijos koeficienta D, naudojantis formule
1 1 1 1 |, 4m?D

w mm wm (4)
kur 7p — difuzinio irimo trukmé. Reikia paminéti, jog difrakcijos efektyvumas

priklauso nuo nepusiausviryjy krivininky kvadrato, todél
2t
n(e) o exp (— ). (5)

Rekombinacijos trukmés ir difuzijos koeficiento radimo pavyzdys
pavaizduotas zemiau esanc¢iame paveikslélyje (Pav. 1).
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Normuotas SIDDG signalas (s.vnt.)

Pav. 1. SIDDG kinetikos, i§matuotos su 4 skirtingo periodo indukuotomis gardelémis
A(9.93 um, 4 pm, 2.91 pm ir 2.47 pm) InGaN daugybiniy kvantiniy duobiy bandinyje
(tp12 i8 Lentelés 1), esant dviem skirtingiems Zadinanc¢iojo pluostelio intensyvumams
(a), ir atvirkstinés gardelés irimo trukmés, suskaiciuotos i§ pradiniy iy kinetiky daliy
(pilkai pazymétos sritys, kuriose skai&iuota), pateiktos kaip funkcijos nuo 1/4% (b).
Juoda linija (1zaa= 240 pJ/cm?) atitinka D = 1.1 cm?/s, = 4.4 ns, raudona (lz,a = 120
wJ/cm?) atitinka D = 0.6 cm?/s, 7= = 10.5 ns.

1.5. Darbe tirti bandiniai

Siame darbe tirti bandiniai pagrinde sudaryti i§ skirtingy GaN/InGaN
daugiasluoksniy Sviestuko tipo dariniy rinkiniy. Jie uzauginti metalorganinio
cheminio nusodinimo i§ gary fazés (angl. metalorganic chemical vapor
deposition, MOCVD) reaktorivose. Tg atliko skirtingi augintojai i$
Virdzinijos sandraugos universiteto (Virginia Commonwealth University,
VCU, JAV), Kembridzo universiteto (University of Cambridge, CU, Jungtiné
Karalysté), kompanijos Aixtron (Vokietija), kompanijos OSRAM Opto
Semiconductors  (Vokietija), Vilniaus universiteto  Fotonikos ir
nanotechnologijy instituto (VU FNI, Lietuva) ir Kalifornijos universiteto
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(University of California, Santa Barbara, UCSB, JAV). Pilnas bandiniy
saraSas pateiktas Zemiau esancioje lenteléje kartu su esminiais parametrais.
Rinkiniuose yra bandiniai su: impulsiniu ir neimpulsiniu auginimo rezimu
(2.5 skyrius), su didelémis KD storio fluktuacijomis ir be jy (2.6 skyrius), su
skirtingais tarpsluoksniais (2.1 skyrius), su kintanéiu In kiekiu aktyviojoje
srityje, su skirtingais kvantiniy duobiy, kvantiniy barjery (KB), dengianciyjy
sluoksniy storiais, su kintan¢iomis auginimo temperatiiromis. Vieng rinkinj
sudaro nepoliniai m-plokstumos dariniai (m1-m7 Lenteléje 1), uzauginti ant
GaN padékly, tuo tarpu visi kiti dariniai uzauginti ¢ aSimi ant safyro padékly.
Bandiniai tarp saves taip pat skiriasi buferinio sluoksnio storiu, legiravimo
laipsniu, elektronus blokuojancio sluoksnio buvimu ir pan. Daugiau
informacijos apie juos galima rasti atitinkamuose skyriuose arba publikacijy
nuorodose Lenteléje 1.

Bandiniuose KD ir barjery storiai buvo gauti i§ elektrony pralaidumo
mikroskopo (angl. transmission electron microscope, TEM) arba rentgeno
spinduliy difrakcijos (angl. X-ray diffraction, XRD) matavimy, arba jvertinti
i§ auginimo procediiry.

Lentelé 1. Siame darbe tirti bandiniai su jy esminiais parametrais. Kur yra galimybeé,
nurodyti Saltiniai ir publikacijy nuorodos, kur apie atitinkamus bandinius galima
suzinoti daugiau. Spalvos grubiai atitinka FL. emisija. FWHM (angl. full width at half
maximum) — pilnas plotis pusés maksimumo lygyje.

* — pateikta tik intensyviausios FL smailés verté.

KD KD KB KDIn FL
storis = kiekis | storis = Kkiekis | smaile FWHM

Bandinio eV Saltinis/
pav. nm vnt. nm % esant maks. VKN | Nuoroda

V1 2 6 3 23 - 0.14 vCcu

V2 2 6 3 20 - 0.13 vCcuU

V3 2 6 12 20 - 0.14 VCU[125]
V4 3 6 3 17 - 0.13 VvCU

e 3 5 30 03 012 OSRAM [P5]
Cyan 3 5 26 - 0.14 OSRAM [P5]
sQW 4 1 22 - 0.14 OSRAM
Blue 3 5 W28 o1t OSRAM[165]
sampleA 35 5 6 8 - 0.16 FNI [P3]
sampleB 35 5 - 0.20 FNI [P3]
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2. REZULTATAIIR JU APTARIMAS

2.1. Kvantinio naSumo pagerinimas InGaN kvantinése duobése jterpiant

supergardele

Sviestuky dariniai GaN pagrindu jprastai yra auginami ant safyro padékly,
kadangi Sie yra labiau paplite ir gerokai pigesni negu GaN padéklai. Taciau
deél gardeliy konstanty ir Siluminio plétimosi koeficienty nesutapimo tarp GaN
ir safyro, tokiuose dariniuose susidaro dideli sluoksniy jtempimai, vedantys
prie iSaugusio dislokacijy tankio ir stipriy vidiniy elektriniy lauky, kurie
mazina VKN. Tam suvaldyti yra iSvystytos kelios technologinés
modifikacijos: buferiniai sluoksniai, auginami Zemoje temperatiroje [17,171],
SiO; kaukés Soniniam auginimui [172,173], kintancio In kiekio tarpsluoksniai
[P1], arba trumpo periodo supergardelés (SG) [174]. Yra parodyta, jog
pastarosios padidina VKN [175,176] ir sumazina FL smailés slinkimasi
didéjant kravininky tankiui [174] dél mazesnio defekty tankio ir silpnesniy
vidiniy el. lauky.

Pav. 2 pateiktos VKN kreivés ir smailiy padéciy kitimas nuo
nepusiausviryjy kravininky tankio dviejuose identiSkuose daugybiniy
kvantiniy duobiy dariniuose, viename kuriy yra supergardelé (Sample A),
kitame — néra (Sample B). Jy aktyvigsias sritis sudaro penkios 3-4 nm
Ino1GaosN KD, atskirtos 6 nm barjerais. Supergardelé — 32 nm tarpsluoksnis
tarp buferinio sluoksnio ir aktyviosios srities, kurig sudaro 8 Ing0sGag.saN/GaN
heterosandiiros. Kaip ir tikétasi, jterpus supergardele, VKN iSaugo, o smailés
slinkimasis gerokai sumaZzéjo. Didesnis mélynasis poslinkis gali bti
paaiskintas stipresniu vidiniu pjezoelektriniu lauku, tuo tarpu trumpesnis
fotoliuminescencijos bangos ilgis atskleidzia mazesnj In kiekj KD dél létesnio
In jterpimo jtemptame sluoksnyje [177]. Taciau vien vidinio elektrinio lauko
sumaz¢jimas negali paaiskinti iki ~3 karty iSaugusio VKN, ypac¢ dideliuose
kriivininky tankiuose.

SLK kinetikos parodé beveik tiesiskai nuo nepusiausviryjy kriivininky
tankio trumpéjancias gyvavimo trukmes, kurias, tikimai, pagrinde lemia
spart¢jancios spinduliné rekombinacija (1/7,.4q~BraaN, Kur Brag -
spindulinés rekombinacijos koeficientas) arba difuzijos jtakota nespinduliné
rekombinacija, kuomet kriivininkai palieka potencinius minimumus ir yra
pagaunami defekty [120] (A(N) = Bp,-N, kur By — minétos nespindulinés
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rekombinacijos koeficientas). Jei abu procesai vyksta vienu metu, tuomet tik
dalis kroivininky rekombinuoja spinduliniu biidu, todél bendras kvadratinés
rekombinacijos narys B* = B4 + By
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Pav. 2. Fotoliuminescencijos vidinis kvantinis na§umas (a) ir smailés padétis (b) kaip
funkcijos nuo fotosuzadinty kriivininky tankio bandiniuose su supergardele (Sample
A, raudonos kreivés) ir be supergardelés (Sample B, juodos kreivés) [P3].

Standartinis ABC modelis buvo modifikuotas siekiant sumodeliuoti abiejy
bandiniy VKN kreives. B narys pakeistas B*, C narj pasirinkta paSalinti,
kadangi jis turéty bati svarbus tik kriivininky tankiuose, gerokai didesniuose
nei 10 cm?3. D¢l fazinés erdvés pildymo [184] jvertintas nario By.q
sotinimasis:

Bo

Brag = T%a (6)
kur Bo yra neuzsotintas rekombinacijos koeficientas, N *— slenkstiné sotinimo
krvininky tankio verté. Kadangi SLK kinetiky irimo sparta neparodé B* nario
sotinimo, todél laikyta, kad B* = B,,4q + Bn, = const. Pats B* narys
jvertintas 1§ SLK kinetiky pradiniy daliy irimo trukmiy pagal
T=(A+B*N)™!, tuo tarpu nuo kriivininky tankio nepriklausancios
nespindulinés rekombinacijos laikas Tz = 1/4 = 35 ns jvertintas i§ LSFL
kinetiky ties ilgomis vélinimo trukmémis (>30 ns). VKN kreivés
sumodeliuotos su

IQF = —2real__ @)

A+(Braa +Bnr)N.
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Kaip matoma Pav. 3, AB*C modeliu sumodeliuotos abiejy bandiniy
kreivés gerai atitinka iSmatuotasias, tuo tarpu su standartiniu ABC modeliu ir
2x1073! cmb/s Oz¢é koeficientu buvo gautos gerokai per didelés VKN vertés.
Panaudoti parametrai: 1/A=26 ns, B™=2.4x1071! cm3/s, N=9.4x10%*° cm=,
Bo=0.9x10t cm®/s (Sample A); 1/A=15 ns, B=0.8x10! cmd/s, N*=20x10%
cm®, Bo=0.11x10*! cm®/s (Sample B). Akivaizdu, kad maksimalig VKN verte
lemia Brao/Bnr santykis, kuris yra 0.6 ir 0.16 atitinkamai bandinyje su
supergardele ir be jos. Su tuo koreliuoja atitinkami maksimaltis VKN — 30%
ir 10%. NaSumo krytis bandiniuose atsiranda dél By sotinimo [185] ir By
augimo didéjant kravininky tankiui [121,122].

sl | Pav. 4 Difuzijos  koeficiento
Q\& priklausomybé nuo suzadinty kriivininky
= S tankio [P3].
S 1ot |
Q
05 1

2 4 6
Fotosuzadinty kriivininky tankis (cm'z) x10"

Skirtumg tarp Brag galima paaiskinti stipresniu vidiniu elektriniu lauku
bandinyje be supergardelés, dél kurio atskiriamos elektrony ir skyliy banginés
funkcijos ir sumazéja spindulinés rekombinacijos sparta. Tuo tarpu stipresne
delokalizuoty kriivininky nespindulinés rekombinacijos jtakg tame pafiame
bandinyje galima paaiskinti gerokai didesniu kriivininky difuzijos koeficientu
(Pav. 4). Jis parodo, jog didesné dalis kriivininky uzima iStgstines (aukstesnés
energijos) bisenas, i§ kuriy yra lengviau pasiekiami defektai. Létesnis
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difuzijos koeficiento augimas bandinyje su supergardele rodo, jog Sios
jterpimas ne tik pagerino lokalizacijos sglygas, bet ir sumazino delokalizacijos
sparta. Pats difuzijos koeficiento augimas nuo kriivininky tankio patvirtina By,
nario buvima, kuris yra galima naSumo krycio priezastis.

2.2. Kravininky lokalizacijos ir difuzijos jtaka fotoliuminescencijai smarkiai

suzadintuose InGaN dariniuose Zydriems ir zaliems Sviestukams

Krivininky lokalizacija yra vienas svarbiausiy reiSkiniy InGaN
Sviestukuose, kadangi ji nulemia krivininky pernasos ypatybes ir uztikrina
didelj spindulinj nasumg. Lokalizacijos jtaka didéja augant In kiekiui dél
didesnés netvarkos In atomy pasiskirstyme [93]. Stipresné lokalizacija gali
efektyviau atskirti kriivininkus nuo defekty, kita vertus ji gali sumazinti
spindulinés rekombinacijos sparta dél nekoreliuoty valentinés ir laidumo
juostos potencialo fluktuacijy [93,186] ir mazesnés banginiy funkcijy
sanklotos [74,156]. Krivininky lokalizacija taip pat gali keisti SRH ir Ozé
rekombinacijy koeficientus [186,187]. Dideliuose nepusiausviryjy krivininky
tankiuose vyksta prieSingas reiSkinys — delokalizacija, galinti paskatinti
naSumo krycio atsiradimg mazesniuose, negu Oz¢é rekombinacijai jprasta,
kravininky tankiuose [120,122,188].

Pav. 5 pateikti LIFL ir momentiniai SP spektrai dviejuose bandiniuose,
turin¢ivose FL smailes ties ~500 nm (zydras — cyan) ir ~530 nm (Zalias —
green). Bandinius sudaro buferinis nelegiruotas GaN sluoksnis, vidutiniskai
legiruotas n-tipo GaN:Si srovés plétimo sluoksnis, smarkiai legiruotas GaN:Si
kontaktinis sluoksnis, aktyvioji sritis, sudaryta i§ penkiy InGaN 3 nm storio
KD (In kiekis ~26% ir ~30% atitinkamai Zydrai ir zaliai emisijai), atskirty
GaN barjerais, p-tipo AlGaN:Mg elektronus blokuojantis sluoksnis (angl.
electron blocking layer, EBL) ir p-tipo GaN:Mg virSutinis kontaktinis
sluoksnis. Skirtumas tarp FL ir SP spektry, arba Stokso poslinkis, yra didesnis
zaliame bandinyje, kas rodo stipresn¢ lokalizacijos jtaka [195] — to ir tikimasi
bandinyje su didesniu In kiekiu [192]. Keliant zadinimo intensyvuma,
stebimas nejprastas reiSkinys — FL smailés raudonasis poslinkis, pereinantis j
mélynajj poslinkj. Sis reidkinys yra rySkesnis Zydrame bandinyje ir yra
nejprastas todél, kad poliniuose KD dariniuose tikimasi matyti tik mélynajj
poslinkj dél vidiniy elektriniy lauky ekranavimo ir biiseny pildymo [197], ir
tik labai auksStuose krivininky tankiuose dél draustinés juostos tarpo
renormalizacijos yra stebétas raudonasis poslinkis [180].
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Pav. 5. LIFL (virSus) ir momentiniai (ties 120 ps vélinimu) SP (apacia) spektrai
zydrame (cyan, (a)) ir zaliame (green, (b)) KD dariniuose esant skirtingiems
zadinimams [P5]. Neigiamas SP signalas rodo sugerties praskaidréjima.

2.2 2

Keliant zadinimo intensyvuma, pilnas FL spektry plotis pusés maksimumo
aukstyje didéja — tai vyksta dél sekliy lokalizuoty biiseny pildymo ir tolesnio
aukstesnés ir Zemesnés energijos buseny pildymo [181,196]. I8 laikiniy LSFL
ir SP charakteristiky nustatyta, jog raudonasis poslinkis pradeda dominuoti
tarp 7 ns ir 10 ns po suzadinimo, tuo tarpu iki tol stebimas mélynasis poslinkis.
Todél raudonojo poslinkio priezastimi negali buti draustinio tarpo
renormalizacija, kuri vyksta iSkart po suzadinimo. Kvantinés sgspraudos
Starko efekta taip pat galima atmesti, kadangi raudonasis poslinkis ilgose
vélinimo trukmése virSija pradinj mélynajj poslinkj — mazéjant kriivininky
tankiui, vidinis elektrinis laukas turéty atsistatyti j prading biisena.

Taigi stebéto raudonojo poslinkio priezastis — kriivininky persiskirstymas
tarp skirtingo gylio lokalizuoty biiseny. Zemuose suzadinimuose elektronai ir
skylés yra pagaunami atsitiktiniy fluktuojancio potencialo viety ir jose lieka.
Keliant zadinima, seklios biisenos yra uzpildomos, todél kriivininkai is jy gali
lengviau pabégti | gilesnes lokalizuotas buisenas. Tokig teorija patvirtina ir
pasitilymas, jog lokalizacija | gilesnes biisenas uzima daugiau laiko, negu i
seklesnes [181]. Todél net ir sumazéjus kravininky tankiui, gilesniy biiseny
pildymas tesiasi toliau ir pradinis mélynasis poslinkis yra virSijamas.
Galiausiai auks$Ciausiuose suzadinimuose yra uZzpildomos ir giliausios
lokalizuotos biisenos, todél stebimas mélynasis poslinkis.

Biiseny pildymg patvirtina SIDDG metodika i§matuotas ambipolinés
difuzijos koeficientas, nemonotoni$kai augantis nuo nepusiausviryjy
kravininky tankio (Pav. 6(a)). To priezastis — augantis kravininky skai¢ius
judresnése iStgstinése biisenose, skatinantis nuo zadinimo spartéjanciag
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nespinduling rekombinacija [122]. Ta patj parodé ir spartéjanti
rekombinacijos sparta mélynajame FL spektry $laite. Delokalizuoty
kriivininky pernaSos jtaka na$umo kry&iui yra pavaizduota Pav. 6(b). Cia
kreivés su tus€iaviduriais simboliais Zymi dariniy FL kvantinius naSumus, o
kreivés su pilnaviduriais simboliais — FL intensyvumus, sunormuotus j
atitinkamg difuzijos koeficienta. Matyti, jog abiejy tipy kreivés vir§ naSumo
krycio slenkscio elgiasi panasSiai. Tai rodo, jog dél delokalizacijos augantis
kriivininky judris yra susijes su naSumo kry¢io atsiradimu duotuose
bandiniuose. Pagal P. Dawson et al. darbg [89], didzioji dalis elektrony yra
delokalizuoti placiame suzadinimy diapazone, kuomet skylés net ir kambario
temperattroje licka lokalizuotos. Todél naSumo kryc¢iui didZiausig jtaka daro
auganti nuo nepusiausviryjy krivininky tankio skyliy delokalizacija.
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Pav. 6. (a) Difuzijos koeficientas Zydrame ir zaliame KD dariniuose kaip funkcija nuo
suzadinimo energijos tankio. (b) FL signalo intensyvumas, sunormuotas j Zadinimo
energijos tankj (tus¢iaviduriai simboliai) arba i difuzijos koeficientg (pilnaviduriai
simboliai), zydrame (juoda spalva) ir zaliame (raudona spalva) dariniuose. Na§umo
kreivés viena kitos atzvilgiu yra perstumtos ordinaciy asyje dél aiSkumo [P5].

2.3. Kruvininky difuzijos apribotas vidinis kvantinis nasumas skirtingo

storio InGaN kvantinése duobése

Kaip rodo ankstesni skyriai, kriivininky lokalizacija turi didziule jtaka
emisijai i§ InGaN kvantiniy duobiy. Tai yra pagrindiné priezastis, kodél daug
defekty turinti medziaga gali naSiai Sviesti, kadangi kriivininkams yra
sudaromos klititys pasiekti nespindulinés rekombinacijos centrus (NRC) [59].
Deja, lokalizacija yra sudétingas ir iki galo nesuprastas reiskinys. Iki Siol
truksta ziniy apie tai, kokig jtaka jai daro struktiiriniai ir/arba medziagos
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parametrai. Kita vertus, kriivininky difuzija ir gyvavimo trukmé yra glaudziai
su lokalizacija susij¢ parametrai, kadangi apribojamas kriivininky, kurie turi
jveikti aukstesnius potencialo netolygumus, judéjimas ir jie linke ilgiau
gyvuoti, kas buvo parodyta nemazame skaiéiuje darby [121,122] [P2, P5].

Pagrindinis démesys Sioje darbo dalyje yra skiriamas parametrams esant
nepusiausviryjy kriivininky tankiui, kuriame prasideda nasumo krytis (t.y.
turimas maksimalus VKN). Pav. 7(a) pateiktos kiekvieno bandinio (i$
Lentelés 1) difuzijos koeficiento ir gyvavimo trukmés vertés (suskaiciuotos i$
SIDDG kinetiky pradiniy daliy iki 1 ns vélinimo) ties specifiniu nasumo
kryc€io slenks¢iu, jvertintu i§ LIFL matavimy. Matyti, jog gyvavimo trukme
tiesiskai mazéja nuo kravininky tankio, todél galima laikyti, kad esant
maksimaliam VKN dar néra jsijunggs spartus rekombinacijos procesas. Pagal
ABC modelj, OZ¢ rekombinacijai polinkis turéty bati -2 [207] [N1]). Tuo
tarpu difuzijos koeficientas tiesiSkai auga, kas zymi augancig kriivininky
delokalizacijg. Pav. 7(b) stebima koreliacija tarp gyvavimo trukmés ir
difuzijos koeficiento rodo, jog judresni kruvininkai nyksta spar¢iau. Taigi
kravininky dinamikg ties naSumo kry¢io slenkséiu apsprendzia difuzijos
jtakotas mechanizmas, kuris priklauso nuo kriavininky tankio ir yra
universalus dél jo stebéjimo tarp skirtingy bandiniy.
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Pav. 7. Difuzijos koeficiento ir gyvavimo trukmés priklausomybés nuo specifinio
kruvininky tankio, ties kuriuo prasideda nasumo krytis (turimas maksimalus VKN),
ir jas atitinkanCios tiesinés funkcijos (a). Gyvavimo trukmé kaip funkcija nuo
difuzijos koeficiento (b). Kiekvienas taskas atitinka atskiro bandinio vertes. Raudonas
tasky uzpildymas zymi m-plokStumos bandinius, kuriuose dinaminés difrakcinés
gardelés buvo indukuotos statmenai C-aSiai, kas reiSkia, jog iSmatuotos vertés
susijusios su kriivininky difuzija iSilgai a-aSies.

Spartesnés kriivininky nykimo spartos priezastimi gali bati tiek
nespinduliné, tiek ir spinduliné rekombinacija. Pirmuoju atveju kravininkai
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lengviau pasiekia defektus, tuo tarpu antruoju atveju — kitas lokalizuotas
biisenas [P5], kas padidina tikimybe susitikti ir spinduliniu biidu rekombinuoti
nekoreliuotai pasiskirs¢iusiems priesingo zenklo kriivininkams [74,196].
Taciau zitrint j Pav. 8(a) ir (b), matyti, jog antrasis atvejis mazai tikétinas,
kadangi maksimalus VKN atvirks¢iai koreliuoja su difuzijos koeficientu ir
tiesiogiai koreliuoja su gyvavimo trukme. Maksimaliam VKN nukritus nuo
~47% iki maziau nei 1%, difuzijos koeficientas padidéja nuo ~0.1 cm?/s iki
daugiau nei 6 cm?/s, kai tuo tarpu gyvavimo trukmé sumazéja nuo daugiau nei
10 ns iki Simty ps. Didesnj negu 30% VKN pasiekia tik tie bandiniai, kuriuose
gyvavimo trukmé perkopia 1 ns ties naSumo kryc¢io slenksc¢iu. Taigi spartesné
rekombinacija vyksta dél stipriau delokalizuoty kravininky, kurie lengviau
pasiekia taskinius arba istgstinius defektus. Apibendrinant galima teigti, jog
vidinj kvantinj naSuma riboja kriivininky difuzija, kas neseniai buvo stebéta ir
perovskituose [208]. Kadangi tipiskai difuzija auga nuo kravininky tankio,
didesnis maksimalus VKN yra labiau tikétinas esant maZesniems nasSumo
krycio slenks¢iams, kas bus parodyta 2.7 skyriuje.
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Pav. 8. Koreliacija tarp maksimalaus VKN ir: kriivininky difuzijos (a), gyvavimo
trukmés (b). Kiekvienas taskas atitinka atskiro bandinio vert¢ ties specifiniu
kriivininky tankiu, atitinkanc¢iu maksimaly VKN. Raudonas uZzpildymas zymi
m-plokstumos bandinius.

Maksimalaus VKN apribojimas dél kravininky difuzijos reiskia, jog Sia
sumazinus, turéty iSaugti Sviesos iSeiga ties naSumo krycio slenksciu. Vienas
i§ budy ta padaryti — sumazinti krivininky tankj, ties kuriuo naSumo krytis
prasideda. IeSkant jvairiy koreliacijy pastebéta, jog naSumo krytis anks¢iausiai
prasideda dariniuose su siauresnémis KD (Pav. 9(a)). Taip pat pastebéta, jog
difuzijos koeficiento verté ties visiems bandiniams vienoda 5x10'® cm?
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kriivininky koncentracija yra mazesné siauresnése duobése (Pav. 9(b)). Tai

atskleidzia, jog tarp minéty trijy parametry yra tam tikras rysys.
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Pav. 9. Koreliacija tarp kriivininky tankio, atitinkan¢io naSumo kry¢io atsiradima, ir
KD storio (a). Krtvininky difuzijos priklausomybé nuo KD storio esant vienodam
5x10'® cm™ kriivininky tankiui (b). Raudonas uZpildymas Zymi m-plok$tumos
bandinius; zalia elipsé Zymi bandinius i$ [P4].

Kalbant apie KD storio ir difuzijos koreliacijg, tikimiausias paaiSkinimas
yra duobés storio fluktuacijy sukeltos potencialo fluktuacijos [85], kurios
iSauga siauresnése duobése [211]. Tg galima paaiskinti atvirkstine kvadratine
kvantinése saspraudos energijos lygmeny priklausomybe nuo KD storio,
naudojantis paprastu dalelés dézéje su begalinio auks¢io barjerais modeliu
[157]:

h?n?
" e )

Cia h — Planko konstanta, m* — dalelés efektiné masé, n — energijos lygmuo,
L — duobés plotis. Lygtis 8 duoda gerokai didesnes energijos lygmens vertes,
kuomet L yra mazesnis. Atitinkamai yra ir su duobés storio fluktuacijy AL
sukeltomis energijos fluktuacijomis AE, dél ko susidaro didesni potencialo
netolygumai, vedantys ] stipresne¢ lokalizacijg. Stipresné lokalizacija jau
anksCiau stebéta siauresnése InGaN [207,212] ir AlGaN [14] kvantinése
duobése. Pridedant arba atimant prie nominalaus KD storio L pacig maZiausig
galimg AL vertg, kuri atitinka 0.259 nm atominj monosluoksnj [80,91],
pirmasis (n = 1) skyliy energijos lygmuo En; pasikeicia 6-8 meV ir 1-2 meV,
kai KD storis atitinkamai yra 3 ir 5 nm, o efektiné skyliy masé m* yra 1.1mo
[29]. Pritaikant ta patj elektronams su 0.18mo efektine mase [29], Em
pasikeicia 35-46 meV ir 12-15 meV, kai KD storis atitinkamai yra 3 ir 5 nm.
Skai¢iavimy rezultatai atvaizduoti Pav. 10, kur matyti, jog efektas pradeda

reik$tis esant mazesniam nei ~6 nm storiui. Nors Sie skaiCiavimai yra labai
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supaprastinti, jie kiekybiskai parodo iSaugusj storio fluktuacijy sukelty
potencialo fluktuacijy dydj siauresnéje KD. Jy vertés elektronams yra
palyginamos su Silumine ~25 meV energija kambario temperatiiroje, todél
elektrony judéjimas Sokuojant per bisenas turéty buti smarkiai apribojamas,
be to, esant dviejy arba daugiau monosluoksniy fluktuacijoms, efektas dar
labiau sustipréty. PanaSiai turéty biti ir su stipriai lokalizuotomis skyléms.

Pav. 10. Suskaiciuotos pirmojo elektrony
lygmens  energijos  E(L)  vertés
staciakampéje kvantinéje duobéje su
begalinio aukscio barjerais. Raudona
bruksniné kreivé E(L+AL) vaizduoja

0.6

T
1

i’/ sumazéjusia saspraudos energija, kuomet
w02 monosluoksnis ~ (0.259  nm)  yra
pridedamas prie nominalaus storio L,

O T s s zalia taskuota kreive E(L-AL) vaizduoja
KD plotis L (nm) padidéjusia saspraudos energija, kuomet

monosluoksnis yra atimamas.

Zinant, kad kriivininky lokalizacija yra stipresné siauresnése kvantinése
duobése, galima paaiskinti ankstesnj nasumo kryc¢io atsiradimg jose (Pav.
9(a)). Vienas i§ paaiSkinimy gali biti tas, jog esant stipresnei lokalizacijai,
mazéja tikimybé pasiekti nespindulinés rekombinacijos centrus, todél
lokalizuotos btisenos yra lengviau uzpildomos. Kriivininky tankis Siose
busenose lokaliai yra didesnis, negu kitose terpés vietose, todél toks netolygus
pasiskirstymas sumazina efektyvy, optiskai aktyvy turj [104]. Tai paskatina
ankstesnj naSumo kry¢io atsiradimg, kurj sukelia spartus, smarkiai nuo
kriivininky tankio priklausantis, nespindulinis procesas, toks kaip Ozé
rekombinacija (arba kitas). Kitas paaiskinimas gali buti tas, kad iSaugusios
fluktuacijos palengvina sglygas impulso momento tvermés désnio
patenkinimui OZ¢é rekombinacijos procese [112,115], kas Siam leidzia atsirasti
prie mazesniy kriivininky tankiy. Anksciau stebétas augantis naSumo krycio
slenkstis AlGaN KD silpnéjant lokalizacijai paremia Siuos paaiSkinimus
[215]. Taip pat darbe [P4] buvo parodyta stipri lokalizacijos jtaka Pav. 9(a)
zalia elipse pazymétuose bandiniuose, kuriuose stebétas anomaliai ankstyvas
naSumo krytis.
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2.4. Stokso poslinkis InGaN kvantiniuose dariniuose

Sugerto ir iSspinduliuoto fotony energijy skirtumas, kitaip zinomas kaip
Stokso poslinkis, yra stebétas dideliame skaiciuje dariniy InGaN pagrindu,
tokiy kaip epitaksiniai sluoksniai, Sviestukai bei lazeriniai diodai (LD)
[59,122,195,198,219,220]. Esant Siam poslinkiui, su emisijos spektru
dazniausiai persikloja tik mazose energijose esantis sugerties krastas. Tas pats
yra matoma ir Siame darbe tirtuose InGaN kvantiniuose dariniuose, kuriuose
stebimas raudonasis LIFL spektry poslinkis lyginant juos su momentiniais SP
spektrais [P2-P5]. Energijos skirtumas (AE) tarp FL ir SP spektry smailiy
padéciy tiesiSkai mazéja didéjant FL smailés energijai (Siame darbe nuo
AE =0.54 eV, esant 2.2 eV) ir konverguoja j nulj ties GaN draustinés juostos
tarpu (juodi pusiau uZpildyti deimantai Pav. 11). Sis reiskinys yra svarbus
Sviestukams ir LD, kadangi dél jo kvantinése duobése iSspinduliuoty fotony
reabsorbcija tarpjuostiniu biidu yra labai silpna — dél to pageréja Sviesos
iStrika [221]. Kita vertus, darbe [P3] nukrites VKN buvo priskirtas
mazesniam FL ir SP spektry persiklojimui. Bet kuriuo atveju, Stokso poslinkis
iki $iol néra galutinai suprastas reisSkinys, o paskutiniai dideli darbai Sioje
srityje atlikti tiikstantmeciy sandiroje.

Pav. 11. Energijos skirtumas tarp LIFL ir SP spektry smailiy padéciy (Stokso
poslinkis) kaip funkcija nuo FL emisijos

L I L L L L B |

g'i N N FL ir SP spekiry smailiy pade}ysf smailés energijos. Kiekvienas taSkas
S ges adtinkamais nasumo kiy®lo 71 atitinka  atskiro bandinio vertes ties

g:: : 3 & K : specifiniais nasumo krycio slenkst%
S oal NS fuma | 1] atitinkanéiais kravininky tankiais. Juodi
2ok » P dugsbiny | deimantai atitinka KD darinius, raudoni
= 00 b ° ° K')d:”"fc; skrituliai — epitaksinius sluoksnius, Zalias
ok "‘T’“N;'“‘l‘k"“““‘ D deimantas — nepolinj vienos 10 nm storio

22 24 26 28 30 32 34 KD darinji§ K. Gelzinytés darbo [222].

FL smailé (eV)

Stokso poslinkio kilmé III-nitriduose jprastai yra siejama su lokalizacija,
del kurios sugertis vyksta aukstesnés energijos busenose, i§ kuriy kriivininkai
relaksuoja j lokalizuotas biisenas ir ten rekombinuoja spinduliniu biidu [59]
[P3]. Lokalizacijos stipris bendrai didéja augant In fluktuacijoms [44,76],
todé¢l nattralu tikétis rySkesnio Stokso poslinkio bandiniuose su didesne In
koncentracija [44]. Deja, Siame darbe tirtuose KD dariniuose bendra
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tendencija néra stebima— tarp atskiry bandiniy grupiy galima jzitréti tiek
augimg, tiek ir maz¢jimg. NemonotoniSka AE priklausomyb¢ nuo In kiekio
jau anksciau buvo stebéta InGaN epitaksiniuose sluoksniuose [219]. Siame
darbe taip pat papildomai buvo istirti keli epitaksiniai GaN ir InGaN
sluoksniai, kurie parodé artima nulinei vertei raudonajj FL spektry poslinkj
SP spektry atzvilgiu (Pav. 11 raudoni skrituliai). Mazas Stokso poslinkis (<80
meV) anksCiau buvo stebétas ir storuose bei homogeniskuose InGaN
sluoksniuose su iki 17% siekianciu In kiekiu ir emisijos smaile iki 448 nm (2.7
eV) [223]. Pagal [38], Stokso poslinkio nebuvimas rodo juosta-juosta arba
eksitoninio Suolio dominavimg. Kalbant apie lokalizacija, taip greiciausiai yra
dél tolygaus In pasiskirstymo [223], arba mechanizmo, neleidzianéio uzimti
gilias lokalizuotas busenas. Atsizvelgiant j Siuos faktus ir | tai, jog Stokso
poslinkis kvantinése duobése yra universali tiesiné emisijos energijos
funkcija, lokalizacija dél atsitiktiniy lydinio fluktuacijy negali biiti vienintelis
mechanizmas, sukeliantis §j poslinkj.

Kadangi emisijos juostg galima stumti j raudonajg puse platinant kvanting
duobe, Pav. 12 AE verté yra atidéta nuo KD storio. Cia yra matoma teigiama
Koreliacija, kuri anksc¢iau stebéta darbuose [220] ir [224]. Bandiniai, pazyméti
raudonai (In3-In5 i$ Lentelés 1), i§ koreliacijos iSkrenta. Taip gali biti dél
story kvantiniy barjery juose, dél ko, formuojantis dislokacijoms, dalinai
relaksuoja jtempimai aktyviojoje srityje. Tai paskatina In atomy interdifuzija,
dél ko KD ir barjery sandiira tampa grubi [225]. Reikia paminéti, jog darbe
[P1] Stokso poslinkis nebuvo stebétas trikampio profilio kvantinéje duobéje,
$vieciancioje ties ~460 nm (~2.7 eV). Tai rodo sta¢iakampés KD su aiSkiomis
ir staigiomis ribomis svarbg Stokso poslinkiui.

—_—
06 -
FLir SPspekir saiiy @ © W& 1 Pav.12. Stokso poslinkio priklausomybé
0 | TSmO kntioslenstials " | nuo KD storio. Kiekvienas takas atitinka
— © o atskirg bandinj ties specifinj nasumo
S - 1 L A . .
L Gg 8 g kry¢io slenkstj atitinkanciu kriivininky
02 > e > .
3 e-© §° G tankiu.
F @ =] © 4
0.0 L 1 L 1 L 1 L 1
3 4 5 6

KD storis (nm)

Staciakampés kvantinés duobés platinimas didina erdvinj elektrony ir
skyliy banginiy funkcijy atskyrimg. Tai padidina raudonajj poslinkj dél
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kvantinés saspraudos Starko efekto, kadangi kriivininkai sukrenta giliau j
trikampio potencialo minimumus duobiy kraStuose, kas jau anks¢iau buvo
pasitilyta kaip galima Stokso poslinkio priezastis [224]. Neseniai
publikuotame Zhang et al. darbe [226] buvo parodyta, jog pusiau polinése
InGaN kvantinése duobése Stokso poslinkis yra gerokai mazesnis, negu
analogiSkose polinése KD, kas byloja apie tiesioging vidiniy elektriniy lauky
jtaka. Kita vertus, K. Gelzinytés darbe [222] j raudonaja pus¢ paslinkti FL
spektrai atzvilgiu SP spektry buvo stebéti vienoje nepoline kryptimi augintoje
KD (zalias deimantas Pav. 11), kur elektriniai laukai iSilgai auginimo krypties
neturéty susidaryti. Taigi vidiniai elektriniai laukai negali buti vienintelé
priezastis, atsakinga uz didelj Stokso poslinkj kvantinése duobése.

Praeitame skyrelyje buvo parodyta, jog difuzijos koeficientas auga
platinant KD, o tai turéty palengvinti kriivininky persiskirstyma i§ seklesniy
lokalizuoty biiseny j gilesnes ir padidinti Stokso poslinkj. Teigiama koreliacija
tarp difuzijos ilgio ir AE vertés tg patvirtina ir parodo, jog ilgesnis atstumas,
kurj kriivininkai gali nukeliauti, paskatina gilesniy buiseny pildyma. Taigi, net
jei gilios lokalizuotos biisenos dél In kiekio fluktuacijy ir susidaro, jy pildymas
gali biiti apribotas dél silpnos difuzijos, kas yra biidinga siauroms kvantinéms
duobéms.

Kalbant maza Stokso poslinkj storuose InGaN sluoksniuose, ta galima
paaiskinti relaksavusiu sluoksnio jtempimu po tam tikro kritinio storio hc,
kuris maZéja nuo In koncentracijos [54,94]. Kitaip negu koherentiskai
itemptame sluoksnyje, kuriame dél kompozicinio traukimo (angl.
compositional pulling) ir fazés atskyrimo gali susidaryti rySkios In kiekio
fluktuacijos, relaksavusiame sluoksnyje In pasiskirstymas gali buti gerokai
homogeniskesnis, su seklesnémis lokalizuotomis biuisenomis. Darbe [P3]
sumazéjes Stokso poslinkis stebétas po supergardelés jterpimo, kuris tikimai
sumazino jtempimus.

2.5. Metalorganikos tiekimo nutraukimo jtaka nusodinty atomy migracijai

InGaN S$viestuky dariniuose

Vienas svarbiausiy uzdaviniy gaminant nasius Sviestukus yra medziagos
kokybés pagerinimas. Vienas i§ biidy tam pasiekti yra impulsinis MOCVD
auginimo rezimas. Jo metu auginant InGaN sluoksnj, TMIn ir TMGa
prekursoriy tiekimas | reaktoriy yra periodiSkai nutraukiamas tam tikram
laikui, tuo tarpu NH; yra tiekiamas pastoviai [43,227]. Toks rezimas paskatina
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pavirSiniy atomy migracija ir suteikia papildomo laiko azoto atomy
nusodinimui, kas pagerina atomy iSsidéstyma ir gerokai sumazina azoto
vakansijy formavimasi [43].

Pav. 13(a) pateiktas dviejy identisky bandiniy, kuriy vienas augintas
pastoviu, o kitas — impulsiniu MOCVD auginimo rezimu (atitinkamai Sample
1 ir Sample 2 Lenteléje 1), VKN palyginimas. Abiejuose bandiniuose yra
iterptos 2.1 skyriuje aprasytos supergardelés, o jy aktyvioji sritis sudaryta i§
3-4 nm storio Ing.1GapoN kvantiniy duobiy, atskirty 6 nm storio barjerais.
Impulsinio auginimo metu TMIn ir TMGa prekursoriai buvo paduodami |
auginimo kamerg 15 s, tuomet 5 s tiekimas buvo pertraukiamas, o toks ciklas
kartojamas 5 kartus kiekvienai KD. Rezultatas — beveik dvigubai iSaugges
VKN ir sumazgjusi kruvininky difuzija bandinyje, augintame impulsiniu
rezimu. LSFL matavimai tame pa¢iame bandinyje parodé dvigubai ilgesnes
gyvavimo trukmes (atitinkamai 27 ns ir 13.5 ns, esant 1.4x10® cm3
kriivininky tankiui).
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Pav. 13. VKN vertés (a) ir difuzijos koeficientas (b) kaip funkcijos nuo kriivininky
tankio dariniuose, augintuose pastoviu (Sample 1) arba impulsiniu (Sample 2)
auginimo rezimu [P3].

Siekiant detaliau iSnagrinéti pertrukio trukmeés jtaka, buvo iStirtas 6
mélynai §viecian¢iy InGaN/GaN daugybiniy kvantiniy duobiy dariniy
rinkinys (tpO-tp15 Lenteléje 1). Siame rinkinyje kiekviena ~4 nm plogio KD
buvo auginama 20 s trunkantj TMIn ir TMGa tiekimg nutraukiant nuo 3 iki 15
s trukmei, tokj ciklg kartojant 5 kartus. Kaip etalonas buvo paimtas bandinys,
kurio kvantinés duobés augintos nenutriikstamai 80 s (tpauses = 0). Visy dariniy
barjerai — 7 nm plocio.

Bandiniuose FL emisijos smailés padétys iSsidésciusios ties 2.6-2.65 eV
(477-468 nm, Pav. 14(a) virSutiné dalis), tuo tarpu sugerties — ties 2.87-2.93
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eV (432-423 nm, Pav. 14(a) apatiné dalis), kas reiskia ~300 meV Stokso
poslinkj. Nepaisant pastarojo didelés vertés, bandinys su ilgiausia prekursoriy
tiekimo pertriikio trukme pasiekia beveik 40% maksimaly VKN (Pav. 14(b)),
kuris yra vienas didZiausiy i§ Siame darbe nagrinéty bandiniy. IS Pav. 14(a)
matyti, jog tiek FL, tiek ir SP spektrai pasislenka j auksStesnes energijas,
kuomet pertrikio trukmé virSija 6 s (parodyta mélynomis linijomis). To
priezastis — nusodinty atomy nugaravimas nuo pavirSiaus dél silpny In-N
jung€iy, turiniy zema disociacijos temperatirg [227,228]. Sprendziant i$
XRD matavimy, duobés storis pastebimai nepakinta, todél mélynasis spektry
poslinkis pagrinde yra nulemtas mazesnés In koncentracijos KD. Taip pat,
papildomas laikas atomy migracijai veda prie tolygesnio atomy pasiskirstymo
ir seklesniy lokalizuoty biiseny susidarymo, kas galimai duoda papildoma
inasg melynajam poslinkiui.

Bangos ilgis (nm)
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Pav. 14. LIFL (virSutiné dalis) ir momentiniai (esant 1.5 ps vélinimui) SP (apatiné
dalis) bandiniy spektrai, esant 180 pJ/cm? Zadinimo energijos tankiui (a). Vientisos
linijos atitinka darinius su pertrikio trukmémis iki 6 s, brukSninés linijos atitinka
darinius su ilgesnémis negu 6 s pertrikio trukmémis. Maksimalaus VKN
priklausomybé nuo prekursoriy tiekimo pertriikio trukmés (b). Spalvos abiejuose
paveiksluose zymi atitinkamus bandinius.

Kalbant apie maksimalaus VKN priklausomybe nuo auginimo impulso
pertriikio trukmés, ¢ia stebimas nemonotoniSkas kitimas — pradinis kritimas
pereina j augimg po 6 s pertriikio (Pav. 14(b) briiksniné linija). Maksimalaus
VKN pagerinimas 7%, lyginant etaloninj bandinj ir bandinj su tpaues = 15 S,
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patvirtina teigiamg impulsinio auginimo jtakg. Nors Sis pagerinimas ir mazas,
tadiau reikia turéti omenyje, kad etaloninis bandinys Siek tiek skiriasi nuo kity
bendra KD auginimo trukme. Palyginus tarpusavyje bandinius su tpazes = 3 S
ir thawes = 15 s, skirtumas siekia net 21%, kas iSryskina bendra pagerinima
(Pav. 14(b) zymi lenkta zydra strélé€). Gilesnj supratima apie prie§ tai minéta
nemonotoniSka tendencija galima jgyti i§ LIFL spektry smailiy padéciy
kitimo. Pav. 15(a) pavaizduota, jog esant 180 pJ/cm? Zadinimo energijos
tankiui, FL spektry smailés slenkasi j mélynaja pusg, kuomet pertriikio trukmé
ilginama iki 9 s, po ko didesni pokyciai nevyksta. Mazy suzadinimy (20 ir 60
ul/cm?) spektry padétys i§ pradziy rodo raudonajj poslinkj iki 6 s, kuris
pereina | staigy mélynajj poslinkj ilgesnése auginimo impulso pertrikio
trukmése. Taq galima paaiSkinti trijy procesy — pavir§iniy atomy migracijos, juy
nugaravimo ir pavirSiaus nitridizacijos — vienalaikiSkumu ir sasaja. Silpnas
mélynasis poslinkis iki 6 s pertrukio trukmés rodo, jog tik santykinai nedidelé
In (ir kity) atomy dalis nugaruoja. Véliau Sis procesas smarkiai iSauga.
Pradinis Zemy suzadinimy raudonasis poslinkis teigia apie gilesniy
lokalizuoty biseny formavimasi dél In segregacijos, greiciausiai dél
nepakankamai efektyvios §iy atomy migracijos. Raudonojo poslinkio buvimas
tik Zemuose zadinimuose byloja apie maza giliy lokalizuoty biiseny tankj, dél
ko jos yra lengvai uzpildomos dideliuose Zzadinimuose, kur stebimas tik
mélynasis poslinkis. Pradinis VKN kritimas galimai yra nulemtas defekty
tankio augimo iki 6 s pertrikio trukmés. Lokalizuoty buseny gil¢jimas ir
didesnis defekty tankis greiCiausiai atsiranda dél mazos tikimybés pavirSiaus
atomams (pagrinde In) jsitvirtinti energiskai patogiose kristalinés gardélés
vietose [138]. Tai galimai vyksta dél nepakankamo laiko migracijai ir
konkurencijos tarp migruojanciy atomy, todél jie jsikabina ten, kur nukeliauti
uztenka laiko ir yra laisvos vietos. Tai formuoja smarkiai fluktuojantj
potencialo reljefa, kuriame gausu defekty. Panasu, jog papildomas laikas per
Sig pradine faze tiesiog paskatina In atomy segregacija, kuomet Sie negali rasti
geros vietos gardeléje dél skurdzios pavirsiaus nitridizacijos [43], kuri taip pat
atsakinga uz azoto vakansijy formavimasi. Taciau viskas pasikeiCia po
slenkstinés 6 s pertriikkio trukmés: nugaruoja pakankamai pertekliniy atomuy,
kurie palieka daugiau vietos likusiyjy migracijai ir prisikabinimui, tuo tarpu
Siems procesams taip pat suteikiamas papildomas laikas; nusodinama
pakankamai azoto atomy, kurie sumazina defekty formavimgsi ir In
segregacija. Siy procesy bendras efektas — staigus peréjimas j kristaling
gardele, turin¢ig mazesnj In kiekj, tac¢iau su tolygesniu atomy pasiskirstymu ir
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mazesniu defekty tankiu, kas veda link iSaugusio maksimalaus VKN. Verta
paminéti, jog difuzijos koeficientas mazéja dariniuose ilginant metalorganikos
prekursoriy tiekimo pertrukio trukmeg, kas geriausiai matoma esant dideliems
kriivininky tankiams (5x10° cm?, Pav. 15(b)). Todé¢l galima teigti, jog
tolygesnis atomy pasiskirstymas sukuria nors ir seklesnes, bet gausesnes
lokalizuotas biisenas. Siy svarba tampa akivaizdi dideliuose kriivininky
tankiuose, kuriuose prasideda nasumo krytis — mazesné kriivininky difuzija
leidzia pasiekti auksStesnius vidinius kvantinius naSumus. Vienalaikis VKN
kreiviy ir kriivininky gyvavimo trukmiy modeliavimas standartiniu ABC
modeliu patvirtinta visas $ias prielaidas.
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Pav. 15. LIFL spektry smailiy padétys esant skirtingoms auginimo pertriikio
trukméms ir trims skirtingiems Zadinimo energijos tankiams (a). Kravininky difuzijos
prieklausa nuo auginimo pertrikio trukmés, esant trims skirtingiems krivininky
tankiams (b).

Geras indikatorius atomy i$sidéstymo pagerinime — difuzijos ilgis. Jis yra
trumpesnis bandiniuose su didesniais maksimaliais VKN (Pav. 16).
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2.6. Dideliy duobés storio fluktuacijy jtaka lokalizacijos salygoms

KD storio fluktuacijos riboja nepusiausviryjy kravininky difuzija — viena
svarbiausiy faktoriy, nulemian¢iy nasumg Sviestukuose nitridy pagrindu. Dél
Siy fluktuacijy kravininky lokalizacijos ilgiai tipiSkai yra 10 nm ir maziau
[80,86,87]. Tuo tarpu tipiniai kravininky difuzijos ilgiai sickia deSimtis
[61,232] arba Simtus [122] nanometry, todél racionalu manyti, jog lokalizacija
galima bty pagerinti sukiirus tam tikrus barjerus difuzijai, i§sidésciusius tarp
minéty dviejy riby. Tai buvo padaryta Oliver et al. [164] darbe, kur didelés
duobeés storio fluktuacijos sukiré barjerus krivininky difuzijai, kas susilpnino
kriivininky nespinduling rekombinacija ir zZymiai padidino vidinj kvantinj
nasuma. Taciau iki $iol $is fizikinis modelis nebuvo pagristas tiesioginiais
kravininky dinamikos tyrimais taip vadinamose ,,skylétose (angl. gappy)
kvantinése duobése.

Sioje darbo dalyje tirti du daugybiniy KD dariniai su tolygaus (1T, Q2T
Lentelgje 1) ir du daugybiniy KD dariniai su smarkiai fluktuojancio (2T,
T-Bounce Lenteléje 1) kvantinés duobés storio profiliais. Pastaruosiuose KD
storis kai kuriose vietose yra tieck mazas, jog atskiri barjerai tarpusavyje
susisiekia, todél $ie dariniai pavadinti ,,skylétais“. Aktyviosios bandiniy sritys
buvo augintos ant 5 um GaN pseudo-padékly, jas sudaro 10 KD. ,,Skylétos*
kvantinés duobés formuotos iskart po kiekvienos i§ jy auginimo pakélus
temperatirg, kas sukélé Zymy In nugaravimg atsitiktinése atidengto InGaN
sluoksnio vietose. Temperatiiros kélimas vykdytas per tam tikrg laika
amoniako aplinkoje, nutraukus metalorganikos tiekimg j reaktoriaus kamers.
GaN barjerai buvo auginami arba pakeltoje temperatiiroje (2T), arba grazinus
ja 1 prading verte (T-bounce). Auginant tolygaus storio KD, temperatiira arba
nebuvo didinama (1T), arba tai buvo vykdoma prie$ tai uzauginus plona
apsauginj GaN sluoksnj (Q2T), kuris neleido In nugaruoti. Visos dariniy
auginimo detalés pateiktos [164].

Pav. 17 pateikti vidiniai kvantiniai naSumai kaip funkcijos nuo kraivininky
tankio (i§ LIFL matavimy). Matyti, kaip ,,skyléti* dariniai iSsiskiria gerokai
didesnémis VKN  vertémis Zemose nepusiausviryjy krivininky
koncentracijose. Tiesa, didesnése koncentracijose (vir$
~10% c¢m®) naSumo kreivés rodo panaSias vertes. Rezultatai sutampa su
publikuotais anks¢iau [164].
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Mazesni nasumo krycio atsiradimo slenksciai ,,skylétose* KD byloja apie
stipresne lokalizacija, ka patvirtina mazesnis difuzijos koeficientas, esant
kriivininky koncentracijai zemiau ~10'° cm™ (Pav. 18). Kai pastarosios verté
yra 3x10% cm®, D yra 0.1 ir 0.22 cm?%s ,skylétose* ir 0.44 ir 0.5 cm?/s
tolygaus storio kvantinése duobése. Tai sutampa su iki 4 kartus didesnémis
aktyvacijos energijomis, suskai¢iuotomis [164] ir [233]. AuksStesnése
koncentracijose esminiy skirtumy tarp difuzijos koeficiento ver¢iy nebelieka,
kas grei¢iausiai nulemia labai panasius VKN (Pav. 17).
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Kriivininky koncentracija (em™)

Idomu tai, jog krivininky gyvavimo trukmés ,skylétose* KD yra
trumpesnés (Pav. 19(a)), priesingai, negu galima tikétis stipriai lokalizuotoje
sistemoje. Kadangi maksimalus VKN taip pat yra didesnis ,,skylétuose*
dariniuose, to priezastis greifiausiai yra spartesné spinduliné rekombinacija.
Jg lemia sumazéjusi difuzija, dél kurios padidéja tikimybé elektronams ir
skyléms susitikti ir anihiliuoti spinduliniu biidu. Tai veda link daugiau nei 2
kartus trumpesniy difuzijos ilgiy ,,skylétose* duobése (Pav. 19(b)), kas trukdo
kriivininkams pasiekti toliau esancius defektus. Vienalaikis gyvavimo
trukmiy ir naSumo kreiviy modeliavimas patvirtina Sias iSvadas. Kitas svarbus
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momentas — eile iSauges Oz¢ rekombinacijos koeficientas ,,skylétuose®
bandiniuose. To priezastis — taip pat iSaugusi lokalizacija, dél kurios
kravininkai yra stipriau sklaidomi potencialo fluktuacijy [112] bei iSauga
judesio kiekio neapibréztumas [115], o kartu tai palengvina judesio kiekio
tvermes désnio patenkinima.
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Pav. 19. SIDDG kriivininky gyvavimo trukmé (a) ir difuzijos ilgis (b) kaip funkcijos
nuo kriivininky tankio.

2.7. NaSumo kreiviy charakteristikos naSiuose Sviestukuose. ABC modelio

pritaikomumo ribos

Pirminé informacija apie bandinius dazniausiai yra gaunama i§ FL
matavimy, kurie yra santykinai paprasti ir nereikalauja specialaus paruo$imo.
FL spektrai suteikia informacija apie smailés padéti, juostos plotj,
intensyvuma ir pan. Turint FL spektrus prie skirtingy suzadinimo lygiy,
galima nubraizyti naSumo kreives, kurios suteikia informacija apie naSumo
kryc¢io slenkstj bei apie kitus parametrus, tokius kaip nasumo augimo ar
kritimo sparta. Deja, vertinant patobulinimus dariniuose, dazniausiai yra
atsizvelgiama tik j emisijos intensyvuma, tuo tarpu kiti parametrai lieka
nuosalyje. Taciau pastarieji taip pat gali suteikti naudingos informacijos, pagal
kurig galima prognozuoti tam tikras medZziagos savybes.

Pav. 20 pateikti maksimaltis vidiniai kvantiniai naSumai ties atitinkamais
kriivininky tankiais (viskas jvertinta i§ LIFL matavimy integruojancioje
sferoje). Cia matoma svarbi tendencija — kuo maZesnis naSumo kry&io
slenkstis, tuo didesnis maksimalus VKN gali bati pasiektas. Kitaip sakant —
aukstesniuose naSumo kryC€io slenksCiuose yra tam tikra virSutiné riba.
Kadangi kriivininky difuzija tiesiogiai koreliuoja su jy tankiu, i riba gali buti
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priskirta difuzijos salygotiems nespinduliniams nuostoliams defektuose, kurie
apriboja maksimaly VKN. Kadangi difuzija priklauso ir nuo kity faktoriy,
tokiy kaip atsitiktinés lydinio ar duobés storio fluktuacijos, o defekty tankis
medziagose taip pat gali bti labai skirtingas, maksimaliy VKN vertés yra
i§sibarsCiusios srityje, apibréztoje raudonu trikampiu. Tai reiskia, kad tik
bandiniai, turintys santykinai mazus defekty tankius ir pakankamas
lokalizacijos salygas, gali pasiekti difuzijos salygota riba (bet jos nevirSyti).
Taip pat tam, kad biity galima pasiekti 100% VKN, reikia kuo mazesnio
nasumo kry¢io slenkséio. Geriausia strategija tam pasiekti — difuzijos
koeficiento mazinimas.

100 El T T T T T T T T T T
F 5 ABC modelis veikia E
PR % 1 Pav. 20. Maksimalus VKN ties
S 2, e y ” .
< 10 Tﬁ* Loy, +4 specifiniais, naSumo krycio slenkstj
E NI, E .. v . .. ..
é F “K% G, 1 atitinkanciais,  kriivininky  tankiais.
%, ] . . . .. .
2 " E * N, Kiekvienas taSkas atitinka  atskirg
g - | ABC modeliui reikia B, % ] bandinj. Raudonas uZzpildymas Zzymi
£ [ [shmiismereilia ¥ 1 m-plokstumos  darinius.  Raudonas
= 01 e trikampis Zymi galimy maksimaliy VKN

0 5 10 15 20 25

Kriiv. tankis ties maks. VKN x10" (cm™) VercIy srit}.

Pagrindiniai procesai, lemiantys pradinj VKN kreivés kilima, yra
spartéjanti nuo kravininky tankio bimolekuliné rekombinacija [104,166]
[P1,P3] ir nespindulinés rekombinacijos centry sotinimas [66,205].
Atsizvelgiant | tai, kilimo sparta gali turéti naudingos informacijos, kadangi
minéti procesai lems skirtingus VKN kreivés polinkius. Pvz. dominuojant
bimolekulinei rekombinacijai, FL intensyvumas turéty augti nuo kriivininky

tankio kvadrato [198] (Ip, BN ?), tuo tarpu kvantinio naSumo augimas turéty
biti tiesiogiai proporcingas (IQEp, oc% OCBTNZ aN). Koreliacijos paieskai
tarp maksimalaus VKN ir naSumo kilimo spartos, stac¢iausios VKN kreiviy
dalys buvo jvertintos naudojantis laipsnine funkcija

1QEpy ocly. (9)
Laipsnio rodiklis y toliau bus vadinamas nasumo kilimo sparta.
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Pav. 21. Maksimalus VKN ties atitinkama na$umo kilimo sparta y (a). Koreliacija
tarp naSumo kilimo spartos ir naSumo kryc¢io slenks¢io (b). Raudona spalva Zymi
m-plokstumos bandinius.
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Pav. 21(a) atvaizduotas maksimalus VKN ties atitinkama y verte. Matoma
bendra tendencija, jog maksimalus VKN mazgja, kuomet naSumo kilimo
sparta auga. Kai kurie bandiniai pasiekia beveik 40%, kai y vertés nevirsija 1,
kas greiciausiai byloja apie rysky jnaSa i§ bimolekulinés arba eksitoninés
rekombinacijos kanaly. Pav. 21(b) rodo, jog staigesnis naSumo kilimas
koreliuoja su didesniu naSumo kry¢io slenkséiu. Kaip jau minéta ankséiau,
didesnis naSumo kryc¢io slenkstis yra susijes su silpnesne lokalizacija ir
iSaugusia nespindulinés rekombinacijos sparta. Todél didesnés y vertés
greiiausiai yra susijusios su auks$tesnés eilés nespinduliniais nuostoliais.
Labiausiai tikétina, kad juos sglygoja kriivininky difuzija. Tg patvirtina Pav.
22, kur stebima tiesioginé y ir difuzijos koeficiento koreliacija. Taigi didesnis
nasumo krycio slenkstis reiskia ir didesnj skai¢iy defekty, kuriuos reikia
uzsotinti prie§ pasiekiant maksimaly VKN [66,205]. Ta apsunkina efektyviojo
defekty tankio, kurj kriivininkai gali pasiekti, didéjimas dél buseny pildymo ir
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augancios delokalizacijos. Tai sukelia nuo kriivininky tankio spartéjancia
nespinduling rekombinacijg, kuri atsakinga uz greitesnj naSumo kilima.
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Pav. 23. ISmatuoti ir sumodeliuoti VKN (a) ir kriivininky gyvavimo trukmés (b):
taskai atitinka eksperimentinius rezultatus, kreivés atvaizduoja modeliavimo
rezultatus.

Toliau aptariamos standartinio ABC modelio su nuo kriivininky tankio
nekintanciais koeficientais galiojimo ribos. Tuo tikslu buvo paméginta
sumodeliuoti 40-ies poliniy bandiniy i$ Lentelés 1 (V1-T815) VKN kreives ir
kriivininky gyvavimo trukmes (gautas i§ spektre integruoty SP kinetiky
pradiniy daliy). I8aiskéjo, jog naudojantis tuo paciu A, B ir C koeficienty
(atitinkanc¢iy SRH, bimolekuling ir OZz¢é rekombinacijas) rinkiniu,
sumodeliuoti gyvavimo trukmes ir VKN kreives paprastu ABC modeliu
pavyko tik daliai bandiniy (Pav. 23(a) ir (b)). Kitiems bandiniams prireiké
papildomo, nuo kriivininky tankio augancio, nespindulinés rekombinacijos
démens. Dar kitiems bandiniams modeliavimas nepavyko, kadangi nesigavo
parinkti ABC koeficienty, kurie atitikty i¥matuotg nagumo kry¢io slenkstj. Sie
rezultatai atvaizduoti Pav. 20, kur geras atitikimas tarp eksperimentiniy ir
sumodeliuoty kreiviy pasiektas dariniuose su maksimaliu VKN, virSijan¢iu
20%. Didziajai daliai bandiniy su maks. VKN <20%, standartinis B
koeficientas buvo pakeistas | B* = B,44 + Bnonrad, Kuri sudaro spinduliné ir
nespinduliné dalys, kas leido sumazinti sumodeliuotas VKN vertes, taip jas
sutapatinant su eksperimentinémis. Tokig modifikacija galima pagrjsti
difuzijos salygotais nespinduliniais nuostoliais, kurie didéja su Zadinimu dél

augancio delokalizuoty kriivininky tankio. Modifikuotos lygtys yra:

1
==A+ (Brqa + Bronraa)N + CNZ, (10)

T

IQE = Brad (11)

A+(Brad +Bnonrad)N+CN2.
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B* narys laikomas pastoviu visiems zadinimams. Geresniam VKN kreiviy
atitikimui reikéty jskaityti tokius efektus kaip fazinés erdvés pildymas [96] ir
su tuo susijes kvadratinés (BN?) bei kubinés (CN®) priklausomybiy
neissilaikymas [142,237], tac¢iau dél paprastumo tai nebuvo daryta.

Virsutiniai rezultatai rodo, jog paprastas ABC modelis yra pritaikomas tik
santykinai nasiems bandiniams, kuriuose OzZ¢é rekombinacija yra pagrindiné
naSumo kryc¢io priezastis. Krentant maksimaliam VKN, neatitikimas tarp
sumodeliuoty ir i8matuoty veréiy didéja. Galima to prieZastis — Kito proceso,
tokio kaip difuzijos salygota nespinduliné rekombinacija, atsiradimas. Todél,
prastéjant darinio kokybei dél iSaugusio defekty tankio arba susilpnéjusios
lokalizacijos, Ozé proceso vaidmuo mazéja. Silpnesné lokalizacija jau seniau
buvo pristatyta kaip sumazéjusio C koeficiento priezastis [112].

2.8. Bendros rekomendacijos auginimui

Sioje disertacijoje pateikti rezultatai rodo, jog ambipolinés kriivininky
difuzijos apribojimas KD plok§tumoje yra bitinas siekiant sumazinti
nuostolius dél nespindulinés rekombinacijos defektuose. Tai yra svarbu
Siandieninei technologijai, kadangi dabartiniai sprendimai medziagos kokybei
pagerinti, tokie kaip padéklai su suderintomis gardelés konstantomis arba
Soninis auginimas, padidina kaing ir daro visg auginimo procesa
sudétingesniu. Siame darbe pateikti keli biidai, kuriuos kombinuodamas
augintojas gali turéti stipry pagrindg naSaus $viestuko nitridy technologijos
pagrindu kiirimui.

Pradedant nuo apatiniy sluoksniy, jtempimus mazinanéio sluoksnio, tokio
kaip supergardelé, jterpimas turéty buti standartiné procedira, kadangi tai
susilpnina vidinius elektrinius laukus ir mazina krtvininky delokalizacijg.

Einant link aktyviosios srities, ¢ia stipresné lokalizacija gali buti pasiekta
auginant siauresnes kvantines duobes, kuriose stipresn¢ kriivininky sklaida
sukelia didesnés potencialo fluktuacijos. KD turéty biiti pakankamai siauros
(<3 nm), kad buty uztikrintos optimalios lokalizacijos salygos ir kriivininky
banginiy funkcijy persiklojimas, bet ne per siauros (>2 nm), kad buty
uztikrintas pakankamas efektyvios optiSkai aktyvios terpés tiiris. KD storis
priklauso ir nuo planuojamo emisijos bangos ilgio, taCiau geresné strategija
ilginant bangos ilgj yra jterpti daugiau In siauroje kvantinéje duobéje.

Tolesnis lokalizacijos pagerinimas gali buti pasiektas pakeliant
temperatiira po KD uzauginimo, dél ko atsitiktinése vietose nugaruoja In
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atomai ir susidaro didelés duobés storio fluktuacijos. Papildomi barjerai
kriivininky difuzijai paspartina spindulinés rekombinacijos spartg ir palicka
maziau kravininky nespindulinés rekombinacijos kanalams.

Impulsinis KD auginimas pagerina pavirSiaus nitridizacija, jgalina
nusodinty atomy migracija, taip pat ir pertekliniy atomy nugaravimg.
Susidargs geresnis atomy i$sidéstymas sustiprina lokalizacija ir sluoksnio
kokybe. Laiko intervalai turéty bati atidziai patrinkti esant skirtingoms
auginimo temperatiiroms ir prekursoriy daliniams slégiams, taciau ilgesnés
pertrukio trukmés rodo geresnius rezultatus.
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ISVADOS

1. Trumpo periodo supergardelés jterpimas sumazina jtempimus ir
vidinius elektrinius laukus auks¢iau auginamose kvantinése duobése. Taip pat
susilpninama delokalizacija, turinti didele jtaka VKN ir naSumo kry¢iui, kg
irodo atvirkstiné koreliacija tarp VKN verciy ir difuzijos koeficiento.
Parodyta, kad supergardelés jterpimas gali padidinti VKN kelis kartus.

2. Nuo zadinimo intensyvumo spartéjanti nespinduliné rekombinacija
gali buti susijusi su defektuose vykstanCia ir nuo kruvininky tankio
priklausancia nespinduline rekombinacija. Pritaikius ja ir spindulinés
rekombinacijos sotinimg dél fazinés erdvés pildymo, galima sékmingai
aprasSyti nasumo krycio reiskinj nenaudojant Oz¢é rekombinacijos démens.

3. Difuzijos salygota nespinduling rekombinacija jrodo augantis
difuzijos koeficientas. Parodyta, jog pastarojo augimo nuo kriivininky tankio
sparta koreliuoja su naSumo krycio atsiradimu, kas patvirtina svarby smarkiai
judriy kriivininky vaidmenj nasumo kryc¢io procese.

4. Netipinis raudonasis poslinkis, stebimas ilguose vélinimuose ir
did¢jantis nuo zadinimo intensyvumo, yra tiesiogiai stebimas krivininky
persiskirstymas tarp skirtingo gylio lokalizuoty biiseny.

5. Didesné kruvininky difuzija lemia maZzesnj maksimaly vidinj kvantinj
naSumg dél spartesnés nespindulinés  delokalizuoty  krivininky
rekombinacijos defektuose. Tg patvirtina universalus tiesiSkas kriivininky
gyvavimo trukmé mazg¢jimas augant difuzijos koeficientui.

6. Ambipolinés difuzijos koeficientas mazéja siauresnése kvantinése
duobése dél didesniy duobés storio fluktuacijy sukelty potencinés energijos
fluktuacijy, kurios padidina kriivininky sklaida.

7. I8augusios potencialo fluktuacijos trukdo kriivininkams judéti link
iStestiniy defekty, dél ko yra greic¢iau uzpildomos lokalizuotos biisenos, ir
skatina Oz¢ rekombinacija — tai nulemia ankstesnj naSumo krycCio slenkst;.
Pastarasis yra naudingas maksimaliam VKN, kadangi esant maZesniems
kriivininky tankiams tikétini mazesni nuostoliai dé¢l difuzijos salygotos
nespindulinés rekombinacijos.

8. Stokso poslinkio dydj InGaN kvantinése duobése lemia kvantinés
saspraudos Starko efektas, kriivininky difuzija ir atsitiktinés lydinio
fluktuacijos: platesnése duobése kriivininkai sukrenta j krastuose esancius
gilesnius trikampio potencialo minimumus, tuo tarpu iSaugusi difuzija leidzia
kriivininkams pasiekti gilesnes lokalizuotas biisenas, jei Sios susidaré dél
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atsitiktiniy lydinio fluktuacijy. Itempimy medziagoje atpalaidavimas mazina
vidinius elektrinius laukus ir In kiekio fluktuacijas, dél ko gali sumazéti ir
Stokso poslinkis.

9. Impulsinis MOCVD auginimo rezimas auginamame aktyviajame
sluoksnyje padidina struktiiring kokybe ir pagerina lokalizacijos salygas, jei
pavirSiuje migruojantiems atomams yra suteikiama pakankamai laiko ir
susidaro pakankamai energiSkai patogiy gardelés viety atomy prisitvirtinimui.
Tai jvyksta, kuomet nugaruoja pakankamas kiekis pertekliniy atomy ir
pavirSius yra pakankamai nitridizuojamas. Trumpesnis difuzijos nuotolis gali
parodyti geresnj atomy iSsidéstyma.

10. Didelés KD storio fluktuacijos, kurias sukuria auginimo temperattiros
pakélimas, sukuria papildomus barjerus kriivininky difuzijai. Sustiprinta
lokalizacija padidina spindulinés rekombinacijos sparta ir neleidzia
kriivininkams pasiekti nespindulinés rekombinacijos centry, ka rodo
sutrumpéjusios gyvavimo trukmeés ir gerokai mazesni difuzijos nuotoliai.

11. Spartus rekombinacijos procesas ir tolydziai auganti difuzija
aukstuose nepusiausviryjy kriivininky tankiuose atskleidzia tiek Oz¢, tiek ir
difuzijos salygotos nespindulinés rekombinacijos buvima. Vien Oz¢ procesas
yra tinkamas naSumo krycio apraSymui kvantinése duobése su santykinai
aukstu VKN (>20%), tuo tarpu maziau nasiose KD reikia jskaityti ir difuzijos
salygota rekombinacijg defektuose.

12. NaSumo krytis, atsirandantis mazesniuose kriivininky tankiuose, ir
létesne kvantinio naSumo augimo sparta koreliuoja su stipresne lokalizacija.
Sie kriterijai gali bati panaudoti ieSkant optimaliy auginimo salygy ar
struktiiriniy dariniy parametry, kai yra siekiama kuo didesnio VKN.
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We present a comprehensive study of photoexcited carrier dynamics in differently grown InGaN/InGaN multiple quantum
well (MQW) structures, modified by insertion of a wide interlayer structure and subsequent growth of differently shaped quantum
wells (rectangular, triangular, trapezoidal). This approach of strain management allowed the reduction of dislocation density due
to gradually increasing In content in the interlayer and shaping the smooth quantum well/barrier interfaces. A set of c-oriented
MQW structures emitting at 470 nm were grown at Vilnius University, Institute of Applied Research, using a closed coupled
showerhead type MOCVD reactor. Photoluminescence (PL) spectra of MQW structures were analysed combining continuous
wave and pulsed PL measurements. Reactive ion etching of the structures enabled discrimination of PL signals originated in
the InGaN interlayer structure, underlying quantum wells, and quantum barriers, thus providing growth-related conditions for
enhanced carrier localization in the wells. Time-resolved PL and differential transmission kinetics provided carrier lifetimes and
their spectral distribution, being the longest in triangular-shape QWs which exhibited the highest PL intensity. The light-induced
transient grating (LITG) technique was used to determine the spatially averaged carrier lifetime in the entire heterostructure, in
this way unravelling the electronic quality of the LED internal structure at conditions similar to device performance. LITG decay
rates at low and high excitation energy densities revealed increasing with photoexcitation nonradiative recombination rate in the

triangular and trapezoidal wells.

Keywords: light emitting diodes, nitride semiconductors, photoluminescence, carrier recombination

PACS: 73.21.Fg; 78.67.-n; 78.47.-p

1. Introduction

Despite extensive research efforts for a decade, the
physical origin of the dominant mechanism of emis-
sion efficiency droop in InGaN light emitting diodes
(LEDs) has not been clarified. Physical mechanisms
which may lead to droop at high injection levels are
reviewed and classified [1-3]. They discriminate inter-
nal mechanisms of nonradiative losses in the active re-
gion of a LED and those caused by the carrier leakage.
The former case deals with a problem why all carriers
injected into the active region are not consumed by ra-
diative recombination and what are the nonradiative
recombination pathways that contribute at high injec-
tions (e. g. Auger recombination in the InGaN wells
was invoked [3, 4]). It was also suggested that addition-
al nonradiative losses may appear at high injections
due to carrier delocalization from the states within the

potential minima where they recombine radiatively at
low injections. The delocalized carriers are mobile and
can occupy the extended states as well as diffuse to the
defect sites and recombine nonradiatvely (a hypothesis
of defect-activated nonradiative recombination was
proposed by Hader [5] and verified experimentally in
violet and blue LEDs [6, 7]). Saturation of a radiative
recombination rate cannot be excluded as well [8].
Other processes deal with nonradiative losses out-
side the active region, and they may have a number of
forms leading to enhanced droop. The electron leak-
age in a biased device can be promoted by the carrier
spillover above the barriers, while experimental data
have shown that the effect is not large enough to single-
handedly explain the efficiency droop [9]. Besides that,
electron overshooting has been suggested as the domi-
nant mechanism [2, 10]. Here, the electrons injected
from the n-GaN layer into the well gain high kinetic
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energy and become hot; therefore, only a part of them
can contribute to radiative (or nonradiative) recombi-
nation in the active layer. The rest of the electrons can
cross the active region and reach the p-GaN layer by
ballistic transport. Correspondingly, several techno-
logical modifications to the GaN LED structure have
been proposed as droop remedies of the later effect.
It has been shown that insertion of a few rather thick
InGaN layers with increasing In content (the so-called
InGaN staircase electron injector, SEI) provides condi-
tions for electron thermalization before they reach the
active region [10]. Other technological approaches in-
clude variation of the thickness, the number, and the
shape of QWs, engineering the quantum barriers, in-
sertion of the electron blocking layer, or growth of the
wells along semi- and non-polar orientations [1].

We note that up to now an impact of the SEI struc-
ture on emission efficiency was revealed by measuring
electroluminescence and external quantum efficiency
(EQE) dependence in a biased LED structure. Despite
some previous reports that the droop of internal quan-
tum efficiency (IQE) was not observed under optical
carrier generation at rates comparable to those under
electrical injection [11], a clear correlation of the EQE
onset with saturation of IQE gives strong evidence that
the QW properties strongly contribute to the photo-
and electroluminescence efficiency. Therefore, investi-
gation of photoexcited carrier dynamics in the entire
LED structure (including SEI layers) needs further
studies to determine the InGaN alloy related radiative
and nonradiative recombination rates.

In this work we present several technological modi-
fications of the active LED region and subsequent com-
prehensive analysis of it by means of various optical
techniques. To reduce dislocation density, strain relax-
ation management was realized by inserting thick In-
GaN layers with gradually increasing In content as well

(a) |:| 4« 5 nm GaN cap layer

: '} 3x2-3 nm QW/5-6 nm QB

= InGaN buffer layer
N

8 nm GaN layer

<« 3um u-GaN layer

<+ 430 um sapphire substrate

NN

growing the smooth quantum well/barrier interfaces
(instead of abrupt change of In content). Therefore, a
SEI structure with gradual increase of In density was
grown on the n-GaN template layer before the growth
of a QW structure. Secondly, shaping of the spatial
profile of the wells is supposed to improve shape-de-
pendent overlap of electron-hole wave functions and
enhance the radiative emission efficiency [12, 13]. For
evaluation of the LED active region quality, the struc-
tural and optical properties of the grown heterostruc-
tures were analysed using X-ray diffraction (XRD) and
atomic force microscopy (AFM) data, PL spectra at low
continuous wave (CW) injections as well as at higher
photoexcitations by using picosecond and femtosec-
ond pulses, also investigating carrier dynamics. For
the latter goal, carrier recombination pathways in the
structures were investigated by applying various time-
resolved techniques: photoluminescence spectroscopy
(PL), differential transmission (DT), and light-induced
transient gratings (LITG). These techniques allowed us
to investigate PL spectra and spectral distribution of
the carrier recombination rate, discriminate growth-
dependent contribution of SEI or QW to the entire PL
spectrum, verify the higher quantum efficiency in non-
rectangular quantum wells, and evaluate the electronic
quality of the entire heterostructure at conditions simi-
lar to device performance.

2. Samples and techniques

The MQW structures were grown using an AIXTRON
CCS (closed coupled showerhead) MOCVD reac-
tor at Vilnius University. Trimetilindium (TMI), tri-
metilgalium (TMG), and ammonia were used as pre-
cursors for In, Ga, and N, accordingly. An undoped
~3 um thick GaN layer (see Fig. 1) was deposited on
a sapphire substrate with the ¢ (0001) crystallographic

(b) SEI

MQW

pump

Fig. 1. (a) Scheme of the grown heterostructure. (b) Profiles of conduction E_ and valence E, band edges in the
absence of polarization fields, obtained using In Ga, N band-gap dependence on In concentration E_ (eV) = 3.4(1-
x) + 0.7 x - bx(1-x) with the bowing parameter b = 2.5 eV [20] and the valence band offset AE (eV) = 0.7x.



189 A. Kadys et al. / Lith. ]. Phys. 54, 187-198 (2014)

orientation, tilted by 0.25-0.35 degree with respect to
the m-plane. The sapphire substrate was initially de-
contaminated at 1800 °C, then its surface was nitrid-
ized, and a thin (20-5 nm) amorphic GaN layer was
grown at 530 °C. During the next step, the temperature
was raised to 1070 °C leading to the crystallization of
the layer, which then was used to deposit a 3.5 ym thick
crystalline GaN buffer layer. It had an electron density
of n,= 10" cm™ and electron mobility 4, ~200 cm?/Vs.

A wide InGaN buffer layer, or the so-called SEI
structure, was grown on the GaN layer before deposi-
tion of a LED active region, composed of three quan-
tum wells and three barriers. The SEI structure con-
sisted of three layers (see Fig. 2(a)) — a 2 nm thick layer
with low indium content grown at 950 °C, a 5-6 nm
thick In layer with gradually increasing In content, and
the final 90 nm thick InGaN layer grown at 800 °C with
the highest In content (4-11% of In as determined by
XRD). A rather thick interlayer was chosen to obtain
fully relaxed and less defective InGaN layers, taking
into account that critical thickness of In Ga, N on GaN
for x in the range from 5% to 15% is around 50 nm [14,
15]. The In content in the layers was changed by vary-
ing growth temperature as the TMI/TMG = 1.5 ratio
was kept constant.

The QWs were grown at around 700 °C to reach
high In content (up to ~25%). Three periods of 2-3 nm
thick wells and ~6 nm barriers were grown. After each
QW, a protective 1 nm thick GaN layer was deposited
at 700 °C to prevent the In evaporation from the QW
during the temperature ramp-up for barrier growth.
The In concentration profile of QWs in A, B, and C
structures was nominally rectangular, as the growth
temperature was kept constant during the well
growth to get constant In concentration. On the other
hand, the D and E structures were grown by ramp-
ing temperatures during the well growth that led to
the triangular (D) or trapezoidal (E) In concentration
and band-gap profile in QWs. The gradient increase
of In at the interfaces allowed to accommodate stress
and avoid generation of additional structural defects
in the wells. The intended structure, growth tempera-
tures, and thicknesses are shown in Fig. 2(a). On the
top of each active structure a 5 nm thick GaN cap lay-
er was deposited. QW and barrier thicknesses were
estimated from XRD w/20 scans using (0002) reflec-
tion (Fig. 2(b)). We note that a reference In Ga, N
MQW structure (sample E, not shown in Fig. 2(a); the
wells are the same as in the sample A) was also grown
directly on the GaN template without the SEI inter-
layer under the same growth conditions.

A number of techniques were used for optical
characterization of the LED structures. A standard
set-up of time-integrated PL spectroscopy was em-

ployed using ~355 nm excitation pulses from a pico-
second YAG:Nd?** laser and detecting the PL spectra
by a thermoelectrically cooled Princeton Instruments
CCD camera. For low excitation CW PL measure-
ments, a fluorimeter LS-55 was used, where sam-
ples were excited at 380 nm. For time-resolved PL
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2 nm 2 om .
820°C n 820 °C
90 nm InGaN| 5 pnm
720°C
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om ° 2 nm N
820 °C
90 nm InGaN ngl?nC
700 °C
C InGaN 5 GaN
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9259,“1(" InGaN yom —| InGaN
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90 nm [nGaN| g%?nc
700 °C
D InGaN GaN
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Fig. 2. (a) Band-gap profile with the corresponding
growth algorithm in the investigated structures; for sim-
plicity, only the first quantum well and quantum barrier
is shown in the drawing. A, B, and C are the structures
with rectangular shape, while D and E with triangular
and trapezoidal shape of quantum wells. (b) XRD w/260
scan data in samples B and D.
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measurements, a picosecond YAG:Nd** laser (emit-
ting at 355 nm and water Raman-shifted 405 nm
wavelengths) was combined with an Hamamatsu
C10627 streak camera and Acton SP2300 monochro-
mator, providing the temporal resolution of 20 ps.

The experimental set-up for spectrally and time-
resolved DT was based on a commercial Ti:Sapphire
femtosecond laser (Spitfire, Spectra Physics) delivering
800 nm pulses of 120 fs duration at a 1 kHz repeti-
tion rate (Fig. 3(a)). The output of the laser was split
into two equal parts. One was used to pump the op-
tical parametric amplifier (TOPAS, Light Conversion)
providing 120 fs pulses at wavelengths continuously
tunable between 1200-2500 nm. The pump was set to
400 nm (3.1 eV) and absorbed in the QWs and SEI,
avoiding carrier photogeneration in the GaN buffer
layer. The second beam was delayed and focused on a
CaF, window generating a short pulse of white light.
This spectrally broad pulse (330-700 nm) was used to
probe changes in absorption spectra at various times
after the photoexcitation. The differential transmission
spectrum is presented as instantaneous optical density
OD(Lt) = log(T,(A)/T(A,1)); where T () and T(A.t)
stand for the sample transmittance spectrum without
and with the pump pulse at a time instant ¢. In this way,
DT technique provided means to observe evolution of
state occupancy in InGaN QWs with high temporal
and spectral resolution.

(a)

Delay line

CaCl, L

Ti:Sapphire
system
1,=120 fs
f=1 kHz

Spectrometer

Data aquisition
PC IH s qt
ystem a)
(b)
Delay line
Yb:KGW Probe beam "
laser system i
%,=200 fs . O |
=30 kHz DL stracted
HBS RS sampl,..
OPA Pump ; [
L fi+, f,
Data aquisition
PC system

Fig. 3. Experimental set-ups of (a) DT and (b) LITG
techniques.

Unlike the conventional pump-probe set-up, where
samples are excited by the Gaussian-like spatial profile,
LITG technique for photoexcitation uses the interfer-
ence field of two coherent beams [16] (Fig. 3(b)). This
results in recording of a free-carrier grating with period
A and carrier density spatial modulation AN, the de-
cay of which can be probed by diffraction of a delayed
probe beam, providing an instantaneous diffraction ef-
ficiency 5(t) ~ AN, ’exp(-2t/7,,). The grating decay time
7., at different grating periods allows determination of
the carrier diffusion coefficient D and the carrier life-
time 7, according to the 1/7, = 1/7, + 4n>D/ A’ relation-
ship. Such an approach has several advantages, one of
which being the ability to measure the time evolution
of the overall free carrier density.

3. Results and discussion

3.1. Sample morphology and structural quality

The structural quality and surface morphology of the
grown structures was evaluated by scanning electron
microscopy (SEM, Fig. 4) and atomic force microsco-
py (AEM, Fig. 5). SEM and AFM images showed that
samples D and E with the triangular and trapezoidal
wells, correspondingly, have the significantly smoother
surfaces. The surface roughness measured by AFM de-
creased down to around 3 nm in D and E samples with
respect to the rectangular ones with the roughness of
7 nm. Also, the AFM scans showed that the dislocation
density (dark spots) was lower by a factor of 2 in the
graded quantum wells (samples D and E) if compared to
the reference sample with the constant In concentration
(the dark spot density was 5 x 10° cm™ (sample A) and
2-3 x 10® cm™ (samples D and E). Also, the observed
hexagons were much larger in the samples D and E.

3.2. PL emission at steady state conditions: PL
spectra

In order to optimize the growth parameters, con-
tinuous wave (CW) PL spectra were recorded and PL
output at the QW peak position (~470 nm) was com-
pared between the variously grown structures (Fig. 6).
The weaker additional bands appearing at ~370 and
400 nm were attributed to GaN buffer and interlayer
emission, correspondingly, and will be addressed in
the later section.

Among the rectangular QWs grown at different
temperatures, the most intensive PL output at 470 nm
was found in structure A (Fig. 6(a)). Therefore, the
lower growth temperature of ~720 °C was assumed
as a more suitable one for growth of the rectangu-
lar QWs. Then the PL efficiency was maximized by
varying the well shape, and the highest PL signal was
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Fig. 4. SEM surface images of samples A, B, D,
and E taken at the same magnification ratio.
The surface roughness in samples A and B is
noticeably larger than that in samples D and E.

Fig. 5. AFM scans of samples A, D, and E.

obtained for the triangular QWs (sample D in
Fig. 6(b)). This can be explained by better In incorpo-
ration and its weaker segregation due to continuous
change of strain [12, 13]. Also, it has been shown that
the e-h wave function overlap is better in the triangu-
lar and trapezoidal QWs [12, 13].
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(a) To confirm the origin of the strong PL peaks in
the 390-420 nm range, two steps of the reactive ion
- etching were performed on the LED structures, af-
B ter which the PL spectra were measured again (see
g Fig. 8). Each step removed ~36 nm from the top of
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Fig. 6. Comparison of CW photoluminescence spec-
tra in the structures with the rectangular QWs grown
at various temperatures (a) and for differently shaped
wells (b). For growth conditions, see Fig. 2(a). The used
excitation power density was 20 ¢gW/cm? at 380 nm.

3.3. PL characteristics at pulsed excitation

To get a deeper insight into PL features at higher free
carrier densities, PL measurements were performed
under pulsed 355 nm excitation (Fig. 7). Three distinct
peaks were identified in the PL spectra. A wide peak at
450-470 nm saturating with excitation was attributed to
the emission from the wells. The second stronger peak
was blue-shifted with respect to QW emission. Its origin
can be related to the emission from the thick SEI layer,
since such a peak was absent in sample F without the
SEI In addition, variation of In content in the SEI leads
to the shift of this peak position from 395 to 415 nm. The
strongest SEI-related emission was observed in sample
B at 420 nm (having the In concentration of about 7%,
as the In content above 10% causes degradation of the
InGaN epilayer and decrease of its PL intensity [6]). The
third peak at 370 nm arises from the GaN barrier, as its
position coincides with that from the bulk GaN [17].

the SEI (sample F) is also shown for comparison.

the structure. The first etching removed the 5 nm
thick cap layer and the 25-30 nm thick QW struc-
ture (3 periods of QWs with barriers). The second
etching removed a part of the SEI structure.

1 4_I l ;nlleria;/e; T
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Fig. 8. PL spectra in the as-grown sample B (black
line online), after the etching out the QWs (green line
online), and the part of the SEI structure (red line
online).
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It was observed that after etching out the QWs the
wide band at 470 nm almost disappeared, which proves
that this band is caused by the emission from the wells.
After the second etching step, the band at 420 nm also
almost disappeared. The latter peak can be attributed to
luminescence of the upper part of the InGaN SEI layer
that has a better structural quality (critical depth for
the InGaN alloy with 7% of In is expected to be 50 nm
[14]). The lower part of SEI is believed to contain a
high density of point defects and dislocations, which
results in a weaker and broader PL spectrum [6, 18].
The emission at 370 nm from the GaN buffer increased
after the etching due to reduced re-absorption by the
InGaN layers. The 600 nm peak did not considerably
change after the etching and was probably related to
donor-acceptor pair (DAP) recombination in the GaN
buffer (called yellow luminescence [19]).

The In composition in the wells can be estimated
using the emission wavelengths and the well thickness.
In all cases, QW emission peaks at ~470 nm (2.6 eV,
Fig. 6) indicating the similar In content in all QWs. Ac-
cording to calibration, 25% of indium should be pre-
sentin QWs grown at 710 + 10 °C temperature. Relying
on dependence of InGaN band-gap energy, it would
provide 2.3 eV InGaN band-gap [20], whereas carrier
confinement in the 3 nm thick well shifts up the lowest
transition energy; therefore, PL occurs at 2.5 eV (esti-
mation of the first electronic level position in the well
according to E, = h*/(8m &) relationship [21] provided
0.22 eV shift). The large width (~240 meV) of the emis-
sion peak can be explained by thermal broadening,
variations of QW thickness and In content in the wells.

The PL spectra dependence on excitation fluence is
provided in Fig. 9. It was observed that PL peak inten-
sities in both the GaN buffer and SEI interlayer contin-
uously increase with the excitation, while the QW peak
almost saturates. Fig. 10 shows the dependence of PL
peak intensity versus excitation for various spectral re-
gions of the grown structures. These dependences were
fitted by power functions with the different indices that
reflect carrier generation and recombination peculi-
arities. At high excitations, the sublinear dependence
I, ~I%* for the QW emission points out the saturation
of the PL signal, while the superlinear growth I, ~I}*is
observed for the SEI interlayer.

In the QWs, PL intensity increases linearly at low
excitations indicating the excitonic emission in QW
band tails. At higher excitations, saturation of PL emis-
sion intensity from the wells can be explained by fill-
ing of the localized states (Fig. 10(a)). PL dependence
in the interlayer exhibits much steeper dependence
on excitation, which is typical of bulk GaN (slope of
2 corresponds to quadratic increase of PL signal with
excitation, as the linear increase of electron-hole con-
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Fig. 9. PL spectra: (a) in the rectangular QW (sample
B) and (b) in the trapezoidal QW (sample E) under the
pulsed excitation at 355 nm.

centration, N, o< al, leads to the bimolecular recom-
bination, I, o< N ?). The decrease of the slope value at
high injections (I,>1 m]J/cm?) is a typical case for bulk
semiconductors indicating interaction of various re-
combination mechanisms and saturation of the radia-
tive recombination rate [8].

It was observed that PL emission from the sam-
ples with profiled QWs (D and E samples, Fig. 10(a))
at pulsed excitation has the highest PL efficiency, thus
confirming PL measurements under steady-state exci-
tation conditions. In the latter structures, In concent-
ration in the SEI interlayer is lower, thus favouring bet-
ter carrier localization in QWs. In A and C samples,
the QW spectral position overlaps with the SEI emis-
sion peak (Fig. 7), indicating weak localization in the
wells; therefore, emission from the well and SEI cannot
be separated, especially at high excitations (Fig. 10(b)).
Consequently, too high concentration of In in the SEI
layer leads to rather weak localization of carriers in the
wells and rather weak emission from the wells. It is
worth noting that the F sample exhibits only the QW



194 A. Kadys et al. / Lith. ]. Phys. 54, 187-198 (2014)

(a) i '
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Fig. 10. PL intensity vs. excitation energy fluence at
355 nm for emission from the QWs at 470 nm (a) and
from the SEI peaks (b). Saturation of PL (y = 0.44, (a))
indicates filling of the localized states in the QWSs; PL
superlinear increase in (b) reveals its origin in the bi-
polar carrier recombination from the weakly localized
states in the SEL

peak, as there is no SEI interlayer. A comparison of PL
signal from the rectangular wells F with respect to B
(which has the SEI interlayer) points out to a positive
impact of the interlayer, i. e. increase of the structural
quality of the subsequently grown quantum wells.

The further PL measurements used selective pho-
toexcitation of quantum wells at 405 nm; at this wave-
length, the photon energy was sufficient to excite the
quantum wells but not enough to excite the barriers
and interlayers. This was confirmed by measurements
of PL spectra at selective photoexcitation (Fig. 11(a)),
and time-resolved PL kinetics provided carrier life-
times in the differently shaped quantum wells (Fig.
11(b)).

It was observed that the blue-shift of PL ap-
pears due to screening of the quantum confinement
Stark effect (QCSE) and filling of the localized states
(Fig. 11(a)). Carrier lifetime of the sample D is ~4

times larger with respect to sample B, indicating the
enhanced carrier localization in the former structure.
Consequently, a few times longer lifetime provides
~3 times higher PL intensity (see Fig. 10(a)). Rather
weak dependence of PL lifetime on excitation (at ex-
citation above 0.1 mJ/cm?) in D and E samples indi-
cated the dominant channel of nonradiative recombi-
nation in the wells; here, a twice higher PL efficiency
at 0.1 mJ/cm? with respect to 0.01 mJ/cm? excitation
correlated with corresponding lifetime increase (from
0.2 to 0.4 ns) in sample D, indicating saturation of
point defects [7]. A similar effect was also observed in
sample E. A shorter carrier lifetime of 47 ps in sample
F without SEI structure indicated a positive role of the
SEI layer. We also note that at 355 nm excitation the
PL decay time in the wells was also weakly depend-
ent on excitation, while the PL decay times in the
interlayers were shorter (e. g. 50 ps in sample E and
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Fig. 11. (a) PL spectra in the triangular QWs at vari-
ous excitations. (b) Comparison of PL decay kinetics of
the QW emission in the samples. Excitation wavelength
was set to 405 nm to avoid carrier excitation in the GaN
buffer and barriers.
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110 ps in sample B). Thus, a two times longer lifetime
in sample B explained a two times stronger PL in it
(see Fig. 10(b)).

3.4. DT spectra and LITG kinetics

In Fig. 12(a), a comparison between instantaneous
DT and PL spectra is presented for sample D at selec-
tive photoexcitation. Within the entire spectral range
the absorption decreases after the excitation (provid-
ing a negative DT signal) due to the state filling effect.
Two distinct peaks in DT spectra are seen within the
sub-nanosecond delay times range and are attributed,
correspondingly, to absorption bleaching in the SEI in-
terlayer (415 nm) and in the quantum wells (460 nm).
The overlap of DT and PL spectra at the QW position
indicates a strong photoexcitation absorption of QW's
and, thus, sufficiently high density of states in quan-
tum wells. During the first ~50 ps after the excitation,
carrier transfer from higher to lower energy states
occurs (compare the DT spectra at 0 ps and 50 ps in
Fig. 12(a)). Later on, the DT signal decays due to car-
rier recombination; here, a shift of DT and PL spectra
towards the longer wavelengths with time is attributed
to rebuilding of initially screened polarization electric
fields in QWs.

Figure 12(b) shows DT decay transients at vari-
ous spectral positions within the PL band of QWs in
sample D. Two decay components are present in these
transients. The time decay constant of the faster com-
ponent is shown in Fig. 12(c) (black squares online).
It varies within 200-400 ps at given excitation and is
close to the time constant of PL decay obtained from
time-resolved PL measurements (red circles online in
Fig. 12(c)). In addition, the spectral distributions of PL
and DT decay times are very similar. This allows attrib-
uting this component to the radiative recombination
of carriers that gives rise to photoluminescence. We
note that PL time constant does not necessarily corre-
spond to the radiative decay time, but is instead a re-
sult of radiative and nonradiative processes, 1/7, =1/
7 .+ 1/7 . Therefore, the initial decay constants of
DT and the PL decay time represent the fast nonra-
diative recombination time after the photoexcitation.
At higher photoexcitations, PL decay time increases
(see Fig. 12(c), red triangles online), as the nonradia-
tive recombination centres are partially filled (a simi-
lar increase of the fast PL decay component was also
observed in Ref. [7]). After carrier localization in the
lowest energy states, the DT decay time becomes slow-
er (note the second DT decay component with decay
time constant well above 10 ns, Fig. 12(b)). We did not
find a slow component in PL spectra and thus conclude
that thermally activated carrier transfer from these
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Fig. 12. Comparison of PL and DT data in sample D
for a moderate excitation of 30-40 yJ/cm?* (a) instan-
taneous PL and DT spectra of quantum wells at several
delay times, (b) DT decay transients at various spectral
positions (the transients are arbitrarily shifted with re-
spect to each other for the sake of visibility), and (c)
decay time constants of PL and DT signals against the
spectral position.
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localized states to nonradiative recombination centres
is more efficient than the radiative recombination. We
note that in less defective QW the long lasting PL de-
cay component is present [7]. As the long-decay DT
signature is seen both in SEI and QWs (Fig. 12(b)),
we attribute this component to nonradiative carrier
recombination from deeply localized states, which are
present both in the QW and SEI region. The DT de-
cay time constants shorter than those of PL can be ex-
plained within the latter assumption since part of the
carriers are being transferred to these immobile local-
ized states.

The above-given PL and DT measurements pointed
out that radiative processes were more efficient in the
structures with non-rectangular-shape QWs. To com-
pare the average carrier lifetime in differently shaped
QWs, LITG measurements were performed at 387 nm
excitation and 1030 nm probing. The pump wavelength
was chosen to ensure photoexcitation of QWs and
InGaN staircase and to avoid creation of excess carriers
in the buffer GaN layer (selection of lower quantum
energy would be preferable, but it provides less excess
carriers and does not favour measurements in a wide
dynamic range). Since LITG signal is proportional to
the density of excited carriers integrated over the sam-
ple depth, the nonequilibrium carriers in the interlayer
and in the QWs contribute to the measured diffraction
signal. This approach allows evaluating the electronic
quality of the grown structures at conditions similar to
device performance at electrical carrier injection.

The kinetics of LITG decay for the differently
shaped QWs are presented in Fig. 13 at low and high
excitation energy densities. Here, the used low injec-
tion case was favourable to reveal processes of carrier
transfer to localized states in QWs with the subsequent
slower decay, while the high injection regime reveals
the processes in higher energy states when the carri-
ers are able to occupy the extended dates (in the given
case, they may occupy the states in a wide SEI layer).
In the structures D and E, the carrier lifetime peaks at
~300 ps, while in the structures A and B with standard
well shape the carrier lifetime drops down to ~100 ps.
At higher excitation, the lifetime in samples D and E
also decreases to ~100 ps as the delocalized carriers
occupy the extended states and face a higher number
of fast nonradiative recombination centres. Therefore,
carrier lifetime becomes similar to the one typical of
the interlayer or the quantum well barriers.

The low-injection carrier lifetimes (~300 ps) coin-
cide well with the PL decay times (300-400 ps in the
QWs of D and E structures (Fig. 11(b)) and indicate
the nonradiative recombination time in localized
states. Despite that the average carrier lifetime of the
heterostructure decreases with excitation, the PL decay
time at the QW does not change significantly at even
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Fig. 13. LITG kinetics in differently shaped MQW
structures at low and high excitation energy densities
(grating period equals 7.27 ym). Kinetics are vertically
displaced for clarity. The excitation quantum energy of
3.2 eV generates carriers in the entire heterostructure
and monitors the spatially averaged carrier lifetime.

higher excitation which is a consequence of localized
state saturation. This is an indication that localized
state lifetime is weakly injection-dependent, i. e. the
contribution of radiative emission with carrier density
dependent recombination rate was not observed in the
given set of samples.

4. Conclusions

Varying the growth regime, the active region of LED
structure was modified by inserting a wide interlay-
er structure with gradual In concentration increase
and subsequent growth of differently shaped InGaN
quantum wells (rectangular, triangular, trapezoidal).
Growth temperature variation allowed to obtain differ-
ent In content in the quantum wells and formation of
smooth quantum well barriers.

Measurements of photoluminescence spectra com-
bined with the reactive-ion etching of the structure
were applied for discrimination of PL signals origi-
nated in the InGaN interlayer structure, underlying
quantum wells, and quantum barriers. Analysis of PL
intensity dependence on excitation density provided
technologically tailored conditions for enhanced car-
rier localization in the wells. The highest PL intensity
was obtained in the heterostructure with triangularly
shaped QWs.

Carrier dynamics was studied by TRPL, differen-
tial transmission, and light-induced transient grating
techniques, providing carrier lifetimes, their spectral
distribution, and revealing shorter carrier lifetime on
the high-energy wing. Light-induced transient grating
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technique was used to determine the average car-
rier lifetime in the entire heterostructure, in this way
unravelling the electronic quality of the internal LED
structure at conditions similar to device performance.
Grating decay rates at low and high excitation energy
densities revealed increasing with photoexcitation
nonradiative recombination rate in the triangular and
trapezoidal wells. This study proved that the imple-
mented strain management led to the lower disloca-
tion density, smoother surface, longer localized carrier
lifetime, and eventually the highest PL intensity in the
triangularly shaped quantum wells.
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FOTOLIUMINESCENCIJOS YPATUMAI IR KRUVININKUY DINAMIKA InGaN
HETEROSANDAROSE SU PLACIU LAIPTUOTU TARPSLUOKSNIU IR SKIRTINGO
PROFILIO KVANTINEMIS DUOBEMIS

A.Kadys, T. Malinauskas: M. Dmukauskas, I. Reklaitis, K. Nomeika, V. Gudelis, R. Aleksiejtnas,
P. S¢ajev, S. Nargelas, S. Miasojedovas, K. Jarasitinas

Vilniaus universiteto Taikomyjy moksly institutas, Vilnius, Lietuva

Santrauka

Pristatome i$samius fotosuzadinty kravininky
dinamikos tyrimus daugialypése InGaN kvantinése
sandarose su pladiu laiptuotu tarpsluoksniu ir skirtin-
go profilio kvantinémis duobémis (sta¢iakampémis,
trikampémis, trapecinémis). Sis jtempimy valdymo
biadas dél palaipsniui didéjancio In kiekio tarpsluoks-
nyje ir sklandaus sandiry tarp kvantiniy duobiy bei
barjery formavimo leido sumazinti dislokacijy tankj.
Daugialypés kvantinés sandaros, orientuotos iilgai
c adies ir $vie¢iancios ties 470 nm, buvo pagamin-
tos Vilniaus universiteto Taikomuyjy moksly insti-
tuto MOCVD reaktoriuje. Fotoliuminescencijos (FL)
spektry matavimai buvo atlikti nuolatinés veikos ir
impulsinio Zadinimo salygomis. Bandiniy reakty-
vus joninis ésdinimas leido identifikuoti FL atsaka i$

InGaN tarpsluoksnio, kvantiniy duobiy ir kvantiniy
barjery, tokiu budu parodant su auginimu susijusias
salygas, lemiancias geresne kravininky lokalizacijg
duobése. I§ laikinés skyros FL ir skirtuminio pralai-
dumo kinetiky jvertintos kravininky gyvavimo
trukmés (ir jy spektrinis pasiskirstymas) buvo ilgiau-
sios trikampése kvantinése duobése, kuriose taip pat
stebétas didziausias FL intensyvumas. Sviesa indukuoty
difrakciniy gardeliy metodika panaudota nustatant
erdviskai suvidurkintg kravininky gyvavimo trukme
visoje heterostruktiroje, tai leido jvertinti vidinés
$viestuko struktaros kokybe pana$iomis prietaisy
veiklai salygomis. Gardeliy irimo spartos esant Zemam
ir auk$tam Zadinimo energijos tankiui atskleidé su
fotosuzadinimu augancia nespindulinés rekombinaci-
jos spartg trikampio ir trapecinio profilio duobése.
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Spectrally and spatially-resolved nonlinear optical techniques
were combined with the photoluminescence spectroscopy to
study carrier dynamics and photoluminescence efficiency in
highly excited blue- and green-emitting InGaN/GaN quantum
wells. The differential transmission and transient grating
techniques provided carrier lifetimes and diffusivity in the
extended states with energies above the photoluminescence

1 Introduction Progress of InGaN-based light emit-
ting diodes (LED) is facing two main issues limiting their
efficiency. From one side, LED efficiency starts to decline at
high carrier densities (efficiency droop problem). Still a
subject of debates, the efficiency droop seems to be caused
by internal processes in the nitride material. Auger
recombination, carrier delocalization, saturation of radiative
emission, and electron leakage are named as the most
probable mechanisms behind the efficiency droop (an
overview can be found in [1, 2]). The second major problem
is deterioration of InGaN LED performance with the
increasing emission wavelength (i.e., with the increasing In
content). The increasing Stokes’ shift of In rich alloys [3]
and subsequent increase of the number of localized states
below the absorption edge should play a greater role in
carrier localization, redistribution, and recombination.
Recent photoluminescence (PL) studies of multiple quan-
tum wells (MQWs) with alow (x =0.18) and high (x =0.31)
In content at selective excitation [4] showed that the
emission reduction at longer wavelengths (525nm) was
caused by thermal activation of nonradiative processes
(what resulted in 200ps PL lifetimes in the green QW)
rather than by decreasing overlap of electron-hole wave
functions. Quasi-stationary multimode SNOM measure-

Wiley Online Library

emission band and revealed their dependences on excess
carrier density. At high excitation conditions, an increase of
diffusivity led to the increase of nonradiative recombination
rate, being more pronounced in the green QW structures with
respect to the blue ones. Enhancement of these processes in
the extended states has a strong impact on diminishing the
photoluminescence efficiency in the localized states.

2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ments at a selective excitation of violet-to-green LEDs
suggested a longer diffusion length in the green LEDs due to
the presumably longer carrier lifetime [5], but this contra-
dicts the decreasing crystalline quality of the green-emitting
wells [4, 6]. Earlier studies of two nominally similar InGaN
QWs with x ~ 0.3 revealed either nonexponential PL decay
time and a small diffusion length or the exponential decay
and large diffusion length [7] while both samples exhibited
long lifetimes up to 100ns. The diffusivity features
demonstrated a profound involvement of localized states,
which disappeared at high excitations when carrier transport
in the extended states dominated. Moreover, CL measure-
ments of the yellow-emitting InGaN/GaN LEDs in quasi-
stationary conditions [8] (using 100ns duration pulses)
revealed an absence of strong exciton localization and
pointed out to dominant impact of nonradiative recombi-
nation at 300 K.

Therefore, to clarify the differences of carrier diffusion
and recombination dynamics with increase of In content, we
performed a study of excess carrier spatial and temporal
dynamics in InGaN QW structures emitting from UV to
green. To discriminate between the recombination and
diffusion processes, we used light-induced transient grating
(LITG) technique [9, 10], which directly provided the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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diffusion coefficient of excess carriers at selective
excitation. Time-resolved spectroscopy of differential
transmission (DT) enabled an access to the localized and
extended states in a wide spectral range [11, 12], including
the states well above the PL emission band [13]. The
standard time-resolved PL (TRPL) measurements were also
performed to study the excitation dependent PL decay times,
spectra, and efficiencies. We focus on the fast dynamics of
non-equilibrium carriers that is revealed as fast transients in
all used techniques. It may enlighten the roots of carrier
delocalization processes that eventually determine PL
saturation at quasi-stationary conditions.

2 Samples and experimental techniques A set of
five samples, each consisting of five InGaN quantum wells
and GaN barriers, was grown by metalorganic chemical
vapor deposition on c-plane sapphire substrate, buffered by
3wm thick n-GaN buffer layer, doped to 5 x 10'® cm™.
Indium content in the wells was 5.1% (sample A), 8.4%
(sample B), 11.3% (sample C), 13.2% (sample D), and 23%
(sample E). The thickness was ~5 nm for the quantum wells
and ~18nm for the GaN barriers. The well width was
measured using TEM, while the composition was estimated
from X-ray diffraction measurements. To estimate In
content optically, PL emission was measured under
continuous-wave (cw) and pulsed excitations; the latter
time-integrated spectra are shown in Fig. 1. We note that
very broad spectrum in the sample E indicates poor
compositional and probably structural quality of QWs;
however, we include it into further analysis. Cw PL peaks
ranged in the samples from 2.98 eV (416 nm, sample A) to
2.16eV (575 nm, sample E), while under pulsed excitation
(i.e., at much higher photoexcited carrier density) the
spectra appeared at higher photon energies from 2.33eV to
2.94¢eV. In content in the QWs was estimated from PL peak
positions at both low and high excitations using Vegard’s
law for bowing parameter values ranging from 1.32 to
2.87 [14, 15]. Good agreement with XRD estimation was
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Figure 1 Time-integrated PL spectra under pulsed excitation
(25 ps pulse at 355 nm, 160 wJ/cm?). Letters indicate the samples.
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achieved with pulsed PL data, while the cw-PL peak values
resulted in overestimation of In content.

Several optical techniques were employed in this study.
In TRPL, the samples were non-selectively excited using the
25 ps duration Nd: YAG laser pulses at 355 nm (3.49eV) and
10 Hz repetition rate. A Hamamatsu streak camera along
with a spectrometer was used for the measurements of PL
spectra and kinetics. The experimental setup for time-
resolved differential transmittance (DT) consisted of a
PHAROS (Light Conversion) laser, delivering 1030 nm and
200fs duration pulses at 30kHz repetition rate and an
ORPHEUS (Light Conversion) optical parametric amplifier
(OPA), generating wavelengths within 630-2600 nm range.
Frequency-doubled OPA pulses at 382nm (3.25¢eV) were
used for selective excitation of the QWs. The white light
continuum pulse served to probe the DT spectra and their
decay in a 380-480 nm spectral window, using a spectro-
graph with 300lines/mm grating and a CCD camera. A
chopper was used to periodically close the pump pulse and
measure the DT with and without excitation (7,,(/4, ) and
To(4), correspondingly) at various probe delays, providing
the instantaneous 7(/, ) spectra (in mOD units): T(4, t) =
1000 x log(To(A)Tp(4, 1)).

The same laser and OPA were employed for the
selective excitation of QWs in LITG measurements. Two
coherent pump pulses (at 385nm for the sample A and
399 nm for the other samples) intersected at an angle 6 in a
sample creating a transient pattern of spatially-modulated
density of free carriers N(x) =Ny + AN(1 + cos[2mx/ A])
with a spacing A=//sinf. In turn, the carrier density
modulation caused spatial modulation of a refractive index
An(x), which amplitude was proportional to the photo-
excited carrier density, An(x)xAN(x), hence a transient
diffraction grating was recorded. A delayed pulse at
1030 nm served as a probe that partially diffracted on the
transient diffraction grating. Time-dependent diffraction
efficiency n (f) can be expressed as n(f) = (2mwn.,ANd/
probe) 2c:xp(—2t/1'G), where n., is the refractive index
change per one electron-hole pair, d is the layer thickness,
and 7 is the grating decay time. 7g is composed of
recombination g and diffusion 7g time components:
1/tg = l/tg + l/tp. The diffusive decay time tp = A*I(47D,)
depends on A, so values of bipolar diffusion coefficient D,
and carrier lifetime tz can be determined from tg(A, 7)
measurements. All the reported experiments were carried out
at room temperature.

3 Results and discussion To clarify the origin of
large blue shift of the PL peak with excitation, we carried
out TRPL measurements for various excitation fluences. As
an example, in Fig. 2a we show PL spectra in sample B at
several excitations; the spectra are time-integrated over one
nanosecond after excitation. With excitation, the PL peak
blue-shifts from 2.69 eV to 2.90eV (i.e., by 210 meV). The
instantaneous peak position at zero time delay shifts even
more (by 260 meV), as it is shown in Fig. 2b where we
plot the instantaneous PL peak position as a function of
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Figure 2 PL spectra recorded at various excitation energy
fluences (a) and the dynamics of instantaneous PL peak position
(b) and spectrally-integrated amplitude (c) with excitation for
several delay times in the sample B. I, indicates the threshold
fluence corresponding to saturation of localized states. The spectra
were integrated over 1 ns after the pump pulse. The zero delay time
stands for PL signal after the end of excitation pulse.

excitation energy fluence for several delays. A closer look
reveals that the peak position of the overall spectrum moves
because the low energy PL peak saturates with the
excitation, thus the high energy shoulder of the spectra
becomes dominant approximately at 40-50 wJ/cm?, which
corresponds to ~(3-4) x 10'® cm™ of photoexcited carriers
(assuming absorption coefficient @ =5 x 10*em ™! [16] and
reflection coefficient of 0.2). The blue shift of PL peak
position was observed in all samples; energy span between
the low and high emission peak values increased almost
linearly with indium content, from 230 meV in the sample A
to 500 meV in the sample E.

Temporal behavior of the PL spectra in the sample B
can be seen in Fig. 2b and c, where we plot PL peak
position and PL amplitude as functions of excitation energy
fluence at several fixed time delays. Two excitation regions
with different relaxation rates can be distinguished.
Below ~10 ;.LJ/cmz, PL emission is dominated by the low
energy component characterized by slow relaxation of PL
peak position and amplitude. At higher pump fluences,
appearance of high energy component in Fig. 2a is followed
by much faster relaxation of amplitude and peak position,
indicating higher carrier recombination rate at the high
energy wing of PL spectrum. Using one-dimensional

www.pss-b.com

Schrodinger-Poisson solver we estimated the PL peak shift
due to the screening of the built-in electrical field (we
considered a large value of 1.15MV/cm). We estimated that
with excitation increase from 2 to 200 wJ/cm? in a 5 nm wide
QW with 10% indium, the shift should not exceed 150 meV,
which is considerably less than the experimentally observed
260 meV in the sample B. This shows that while the peak
shift of ~70meV at high excitations (20-200 wJ/cm?) may
be assigned to the electrical field screening, the shift of
190 meV at low excitations (1-20 u]/cmz) must be caused
by other reasons.

Based on the experimental data shown in Fig. 2, we
attribute the low and high energy spectral components to
emission from the deeply localized and extended/shallow-
localized QW states, correspondingly. This conclusion
agrees with the results reported in [17-19], where similar
spectral broadening at high electrical and optical injection
was also observed at low temperatures and attributed to
delocalized carriers. In [20] both PL emission peaks were
ascribed to localized carriers; however, the energy span
between the peaks did not exceed ~40meV in latter case.

Due to the limited density of localized states, emission
from them dominates only at low carrier densities. Change
in slope at zero delay time in Fig. 2c corresponds to
energy fluence 1, when the saturation of localized states
occurs; similar saturation was also observed in DT data.
In Fig. 3 the threshold carrier density evaluated from
Iy, is shown for all studied samples; DT threshold was
evaluated from the spectra integrated within the PL
spectral region. The threshold increases with In content,
which can be attributed to higher density of localized
states in QWs with higher In composition. Saturation of
absorption in PL spectral range allows estimation of
injected carrier density that efficiently contributes to PL
emission. As it is seen from Fig. 3, this density is limited
to (5-15) x 10'® cm™>, depending on In content. The
integral value of the entire DT spectrum (not shown here)
reveal much weaker saturation indicating that at high
densities carriers are being photoexcited to the states with
energies above those of the PL band.

f

o

20

o

\

Density (x10'® cm™®)
o

LA RARRNRARARRARAN RN RA
o
\
o
™

IS NN WS P P

-
5 o o]
e
o—0© -O-o1
0 -O-PL
I TS N NS S S B SRS |
5 10 15 20 25

In content x (%)

Figure 3 Photoexcited carrier density at which saturation of
pulsed PL (red circles) and DT signal (black squares) occurs.
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Figure 4 Time-integrated PL spectra (top) and DT spectra at 10 ps
delay (bottom) for the sample D, recorded under pulsed excitation
at various pump energy fluences represented in multiples of
Iy=19 p,J/cmz, which corresponds to 1.44 x 10" em™ carrier

density.

DT measurements were performed to collect more
detailed information about the physical origin limiting the
PL signal at high carrier densities. In Fig. 4 we compare PL
and DT spectra in the sample D recorded at various
excitations. PL spectra provide information about the
electronic states participating in radiative recombination,
while the differential absorption signal is sensitive to the
changes in occupancy of all states, including those not
seen in the PL spectra. The DT spectra have a negative sign
(T,(%, 1) > To(4)) indicating the absorption bleaching of the
photoexcited sample due to the state filling and subsequent
decrease in electronic transition probability to these states.
At carrier densities bellow (3-5) x 10" cm™3 (i.e., below
the PL saturation density in the sample D, see Fig. 3b), at
least two components can be seen in DT spectra. One with
lower energy (~2.73 eV) coincides with the PL line, while
the second (~3.14 eV) appears at photon energies above the
PL emission band. While the lower energy DT component
can be attributed to absorption bleaching in localized and
ground extended states of QW, the origin of the second band
is not clear. Judging by the energy separation from the PL
peak (~400 meV in Fig. 4) it could be ascribed to electronic
transition between the higher order QW extended states like
hh2—e2 [21]. On the other hand, the rate of e2-hh?2 transition
is expected to be much higher than that of the el-hhl one,
but both DT components exhibited similar decay times on
nanosecond scale. Presence of two emission bands separated
spatially and spectrally has been previously observed by
SNOM measurements in InGaN QWs while at low
temperatures [22]. The latter data revealed a main low-
energy emission region and a much weaker higher-energy
region, and hence suggested that the weak-emitting areas are
close to defects. The energy barrier around these defects
(presumably, dislocations) allowed the carriers to avoid
recombination at dislocation sites (at least at low temper-
atures and low excitations). Two peaks in DT spectra
tentatively might be attributed to absorption bleaching in

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

such different areas of a sample. Our measurements,
performed at 300K and at high carrier densities, were
favorable for carrier thermal and optical activation, thus
the higher-energy PL emission band vanished (see Fig. 4),
leaving a signature of the latter band in the DT spectra. We
also would like to note that the instantaneous spectra are
insensitive for weak but long lasting emission.

Increasing excitation results in the broadening and blue-
shift of the DT spectra, since absorption saturates at low
energy side but increases at higher photon energies. In turn,
this indicates the saturation of localized and probably
main extended states in the QWs. It is interesting to note
that carrier densities at which both PL saturation and
DT broadening begin are around (5-10) x 10" cm™2. In
addition, PL saturation is accompanied by the appearance
of fast decay transients in PL and DT kinetics. In Fig. 5 we
plot the decay transients of DT (left) and PL (right) signals at
several spectral positions for moderate and high excitation
levels. Fast component appears in both DT and PL kinetics
at high excitation and is more pronounced at higher
photon energies. This component is often attributed to the
manifestation of enhanced radiative recombination, which
rate linearly increases with carrier density. However, a
simple estimation shows that this initial decay component is
way too fast to be related to band-to-band recombination.
Assuming carrier density of 1.3 x 10" cm ™2 at 160 wJ/cm?
and a standard value of radiative recombination coefficient,
B=5x10""" cm¥/s [23], the radiative recombination time
Traa = /BN =1.61s should be expected, but the measured
decay time of fast PL component at 2.88¢eV is 80ps (see
Fig. 5). Therefore, this fast decay should be attributed to
non-radiative recombination instead. Similar consideration
excludes Auger recombination as well, since at given carrier
density the characteristic Auger decay time Tayger = 1/CN?
should exceed 1ns even assuming C as high as 1 x 107
cm®s [24, 25]. We note that the qualitative picture in all
samples was similar to that described for the sample D, i.e.,
fast PL and DT transients appear in the spectral region of the
extended states at the carrier densities close to the threshold
value (Fig. 3b).
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Figure 5 Decay transients of PL and DT signal at several spectral
positions for two excitations in the sample D.
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Figure 6 Spectral distribution of carrier lifetime, obtained from
the DT decay measurements in all samples at 160 pJ/cm?. Indium
content of QWs is indicated in the plot.

Figure 6 summarizes the spectral dependence of DT decay
times in the investigated samples at relatively high carrier
density. Decay time at PL position (i.e., at the localized states)
obviously correlates with the PL intensity of the QWs
(compare with Fig. 1). Increase in indium content apparently
introduces more defects, which results in lifetime drop in all
the states. Wide spectrum of short lifetimes in sample
E indicates a probably partially-relaxed and highly-defective
structure. It is interesting to note that even some high energy
states show longer decay time in the sample A if compared to
the sample B, but the localized states recombine slower in the
latter sample and that is reflected in its higher PL emission
efficiency (as the time integrated PL efficiency is proportional
to carrier lifetime). The similar situation is observed between
the samples C and D (Fig. 1). It allows to conclude that PL
efficiency mostly benefits from the slow recombination of
carriers in the localized states within the red wing of a PL line
rather than from fast band-to-band recombination of free
carriers in the higher energy extended states, as one could
expect keeping in mind that Ip ~BN>. The presented
experimental facts can be explained within the framework
of density-activated non-radiative recombination [26]. Atlow
densities, when localized (and maybe low-energy extended)
states are only partially filled, the photoexcited carriers tend to
occupy them, which spatially separates the carriers from the
recombination centers and leads to efficient radiative
recombination. As these states become filled, the carriers
remain longer in the high-energy extended states [19],
allowing them to diffuse to the non-radiative recombination
centers. It is interesting to note that a large part of these high
energy states contribute to absorption but are well above the
PL emission energies, which means that with excitation the
increasing part of carriers do not contribute to radiative
emission.

Direct measurements of carrier lifetime and diffusion
coefficient using the LITG technique (Fig. 7) provide
indication that high-energy states are spatially separated
from the states that determine the PL emission spectrum.
Note that LITG signal is inversely proportional to the
effective mass of carriers, n(7) cxNez/m: +Np2/m;, i.e., the
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Figure 7 Diffusion coefficient D (a) and carrier lifetime tg (b)
determined simultaneously from the LITG measurements as a
function of excitation energy fluence.

strongest input comes from free electrons, but ambipolar
diffusion is driven by both electrons and holes. In Fig. 7,
an inverse correlation between D and tR values is seen,
similarly as it was observed in other InGaN QWs and thick
layers [12, 27, 28]. Carrier diffusion coefficient varies from
0.4 to 1 cm*/s at 8 wJ/cm? for QWs with different In content,
while it increases up to 1.9-4.6 cm*/s at 80 wJ/cm?. Mobility
enhancement again can be understood in terms of increasing
quasi-Fermi level in the bands resulting in the increasing
amount of carriers in extended and, thus, mobile states.
Increase in carrier mobility leads to enhanced carrier
diffusion and capture by non-radiative recombination
centers, what is reflected in lifetime reduction with
excitation. Such a mechanism also could explain the
existence of long-lasting component at energies above the
PL line in DT spectra at low carrier densities — spatially
separated carriers cannot relax to lower energy states.
Strongest dependence of diffusivity on excitation fluence in
the samples C and D, which have higher In content, pointed
out that carriers become delocalized at higher excitations
more easily in highly defective areas. Further analysis of this
tendency requires more detailed microstructural character-
ization of QW, understanding its origin [29], and correlation
with fast carrier transfer from the localized areas to neighbor
defect regions under strong photoexcitation conditions.
These studies may also be helpful to link the impact of QW
microstructures with the LED efficiency droop.

4 Conclusions We performed time and spectrally
resolved photoluminescence and differential transmission
measurements combined with light induced transient
gratings technique to study correlations in carrier well
structures with x varying from 5.1% to 23%. PL saturation
has been observed at carrier densities from 2 to 20 x 108

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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em ™3, It was related to the filling of localized and low-
energy extended electronic states, located within the PL
band, and carrier transfer to the higher energy extended
states. Fast recombination transients appearing at high
carrier density correlated with the lifetime in extended states
and thus were attributed to density-activated non-radiative
carrier capture from the latter states by defect sites. Inverse
correlation between the carrier diffusion coefficient and
lifetime confirmed that the rate of non-radiative recombi-
nation in quantum well increases as more carriers are
transferred to mobile extended states, thus diffusion length
is getting shorter in green-emitting QWs. Time-integrated
PL efficiency at high excitations is strongly influenced by
the decreasing carrier lifetime in the extended states.
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Enhancement of internal quantum efficiency (IQE) in InGaN quantum wells by insertion of a superlattice interlayer and ap-
plying the pulsed growth regime is investigated by a set of time-resolved optical techniques. A threefold IQE increase was achieved
in the structure with the superlattice. It was ascribed to the net effect of decreased internal electrical field due to lower strain and
altered carrier localization conditions. Pulsed MOCVD growth also resulted in twice higher IQE, presumably due to better control
of defects in the structure. An LED (light emitting diode) structure with a top p-type contact GaN layer was manufactured by
using both growth techniques with the peak IQE equal to that in the underlying quantum well structure. The linear recombination
coefficient was found to gradually increase with excitation due to carrier delocalization, and the latter dependence was successfully

used to fit the IQE droop.

Keywords: light emitting diodes, nitride semiconductors, photoluminescence, carrier recombination, carrier diffusion

PACS: 73.21.Fg, 78.67.-n, 78.47.-p

1. Introduction

GaN-based structures for light emitting diodes (LEDs)
and other optoelectronic devices are grown predomi-
nantly on sapphire substrates by the MOCVD tech-
nique, because GaN substrates for homoepitaxial
growth remain to be expensive and difficult to obtain.
A large mismatch of the lattice constants and the ther-
mal expansion coefficients between GaN and sapphire
result in considerable strain, which in turn gives rise to
a large amount of dislocations and an internal piezo-
electric field. The high internal electric field quenches
the internal quantum efficiency (IQE) in GaN-based
quantum structures due to the quantum confined Stark
effect. Therefore, several technological modifications
of the LED structure have been developed to relieve
the strain in the material. Most of these approaches
involve inserting a buffer layer between the sapphire
wafer and LED active structure, like a low-temperature
GaN layer [1], AIN or AlGaN layer [2], SiO, layer with
openings for overgrowth [3], or a short period super-
lattice (SL) [4]. It has been demonstrated that the SL

insertion layer results in increase of IQE [5, 6] and
smaller photoluminescence (PL) peak shift with injec-
tion [4] due to supposedly smaller defect density and
lower internal electrical fields. SL was also used to im-
prove the electroluminescence due to better hole injec-
tion and current spreading [7-9].

On the other hand, IQE depends on structur-
al quality of InGaN quantum wells that determine
the amount of defects and, consequently, nonradiative
recombination time. It is well known that IQE drops as
the In content is increased, mostly due to lower growth
temperatures needed to achieve larger In amount in
the layers. A promising technique for achieving metal
rich InGaN layers of good quality is a pulsed growth.
This technique was mainly used for InN growth, but
it has also been demonstrated as a promising tool for
InGaN growth by metal-modulated epitaxy [10], high-
pressure MOCVD [11, 12], and recently by low pres-
sure MOCVD [13].

In this paper, we analyze the effects of SL insertion
and the pulsed growth on IQE by monitoring carrier
dynamics in the InGaN quantum well (QW) structures
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emitting at 450-460 nm. Optical properties and carrier
dynamics features are compared between (i) QW struc-
tures with and without an SL interlayer and (ii) identical
QW samples grown by continuous or pulsed growth.
We employ a number of time-resolved techniques like
light-induced transient gratings (LITG), differential
transmission (DT), free carrier absorption (FCA), and
photoluminescence (PL) to obtain a detailed picture
of carrier recombination pathways. We demonstrate
a three-fold increase in IQE in the structure with an
SL and a two-fold one in the pulsed grown sample, as
compared to that of the corresponding reference struc-
tures. We analyze the effects of changes in the internal
electrical field and carrier delocalization on the IQE
in the structures. We also demonstrate that a full LED
structure with a p-contact layer may reach the peak IQE
equal to that of the underlying MQW structure.

2. Samples and measurement techniques

Two sets of MQWs structures under investigation were
grown by MOCVD on (0001) sapphire with a ~3 um
thick GaN template. Ammonia (NH,), trimethylgal-
lium (TMG), trimethylindium (TMI), trimethylalu-
minum (TMA), silane, and magnesium bispentacy-
clodienyl (Cp,Mg) were used as source compounds,
nitrogen and hydrogen were used as carrier gases.

In the first set of MQW s samples (samples A and B)
we investigated an impact of InGaN/GaN SL as a crys-
tal grating stress modified interlayer between the GaN
template and MQWs. The SL growth parameters in
sample A were optimized: the SL structure consists of
8 periods of In, Ga , N/GaN heterostructures with
a total thickness of 30-35 nm. The active regions of
the structures contained five (3-4) nm wide In; Ga ;N
QWs separated by 6 nm wide GaN quantum barriers.
The whole structure is capped by a 30 nm thick GaN
layer. Sample B was grown under identical conditions,
but without SL.

In the second set of 3 samples (samples I, 2, 3) we
analyzed impact of the pulsed growth on QW and
full LED quantum efficiency. All samples were grown
on a 3 um thick GaN template on sapphire together
with an optimized SL interlayer which has been de-
scribed above. The active part consisted of 5 periods
In, Ga  N/GaN multiple QW structure 3-4 nm thick
wells and 6 nm thick barriers. A reference InGaN/GaN
MQW structure (sample 1) was grown in a conven-
tional precursor continuous-flux mode. In the pulsed
growth mode, NH, was constantly flowing, while TMI
and TMG were sent into a chamber for 15 s, and then
bypassed for 5 s (sample 2). More details of the pulsed
growth MOCVD can be found in Ref. [14]. Finally,

a full LED structure with a top 40 nm thick p-type
Al ,Ga N blocking layer and a 300 nm thick p-type
GaN layer was grown (sample 3).

The experimental set-up for the time-resolved
DT consisted of a PHAROS (Light Conversion) la-
ser, delivering 1030 nm and 200 fs duration pulses at
the 30 kHz repetition rate and an ORPHEUS (Light
Conversion) optical parametric amplifier (OPA),
generating wavelengths in the 630-2600 nm range.
Frequency doubling of OPA pulses was used to set
the wavelength of one of the split beams from the la-
ser for the selective excitation (382 nm, 3.25 eV) of
the QWs in the samples while the other delayed beam
was passed through a sapphire crystal to generate
a white light continuum probe. A spectrograph with
the 300 lines/mm grating and a CCD camera spec-
trometer provided means to observe the evolution of
DT spectra in a 380-480 nm window. A chopper was
used to periodically close the pump pulse and mea-
sure the DT with and without excitation (T (A, t) and

P
T,(A), respectively) at various probe delays, provid-
ing the instantaneous T(A, t) spectra (in mOD units):
T(A, 1) = 1000 x log(T,(1)/T, (A, 1)).

FCA and PL IQE measurements were carried out
using the same laser system as in DT. In FCA, the sec-
ond OPA was used for a probe beam. The probe was
tuned to 1.65 ym (0.75 eV). An integrating sphere with
the three-measurement approach was used for the eval-
uation of PL IQE [15]. In the three-measurement ap-
proach 3 PL spectra are taken: one with an empty
sphere, one with the sample in the sphere but out of
the path of the pump beam and one with the sample in
the sphere and in the path of the pump beam. For both
experiments, the pump was 390 nm (3.18 eV).

The YAG:Nd** laser with 25 ps pulse duration and
10 Hz repetition rate was combined with a Hamamatsu
C10627 streak camera and an Acton SP2300 mono-
chromator for TRPL measurements, providing a tem-
poral resolution of 20 ps. With the water Raman-shift
of the third laser harmonic (355 nm) the wavelength of
the pump beam was 405 nm (3.06 eV).

For the LITG experiment, the same YAG:Nd*" la-
ser with the water Raman-shifted pump to 405 nm was
used. The principle of the technique is the excitation
of the sample by an interference field of two coherent
pump beams, creating a transient spatially modulated
free carrier pattern N(x) = N, + AN(1 + cos[27x/A])
with spacing A, which modulates the refractive in-
dex An(x)ocAN(x) and diffracts a delayed probe beam
(1064 nm - 1.17 eV, fundamental laser harmonic). Dif-
fraction efficiency of a transient grating #(t)oc(ANd)>
and its decay 1/7, = 1/7, + 1/7, provided a conve-
nient way to determine the recombination-governed
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grating decay time 7, and the diffusive decay time
7,= N’/(47°D)). The latter is A dependent, therefore
the bipolar diffusion coefficient D, was determined by
performing measurements with different induced grat-
ing periods at various photoexcited carrier densities.

The reflectivity of the samples was 0.3 for the FCA
experiment (because of the Brewster’s angle of the sam-
ple in respect of the pump beam) and 0.2 for other
techniques. For the calculations of photoexcited carri-
er densities the absorption coefficient & = 10° cm™' was
taken, which resulted in 1.35 x 10" cm™ for the 100 uJ/
cm? excitation energy fluence.

3. Results and discussion

Figure 1(a) shows the IQE as a function of photoexcit-
ed carrier density in the samples with and without an
SL layer. Both IQE curves reveal the typical features of
“efficiency droop” in InGaN QWs: the IQE value in-
creases up to carrier densities of (1-3) x 10* cm~ and
starts to decline at higher excitations. SL insertion
resulted in threefold increase of the peak IQE value
(30% in sample A versus 10% in sample B) and much

“flatter” IQE vs the excitation curve. We note a rather
large blueshift of the PL peak position with excita-
tion in sample B (170 meV), compared to the shift by
40 meV in sample A (Fig. 1(b)). Consequently, a full
width at the half maximum (FWHM) of the PL spec-
trum in sample B became considerably broader at
high excitations, while at low ones the FWHM values
were similar in both structures (Fig. 1(c)). Different
blueshift and emission wavelengths can be attributed
to the effects of the internal electrical field. A larger
blueshift with excitation indicates a stronger internal
piezo electrical field in sample B due to larger strain,
while much shorter emission wavelengths at high
carrier densities point out a smaller indium amount
in this structure. The reported strain relaxation due
to the SL [4] and slower indium incorporation in
the compressively strained QWs [16] support the lat-
ter assumption. In addition, TEM and XRD data (to
be reported elsewhere) suggest that the QW growth
rate is larger in more strained structures. As a result,
thinner QWs with higher In content can be expect-
ed in sample A, which is favourable for higher IQE
[17, 18] and smaller efficiency droop. The impact of
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Fig. 1. Photoluminescence quantum efficiency (a), peak position of PL spectra (b), and FWHM (c) as a function of
photoexcited carrier density in the structures with SL (sample A, red) or without SL (sample B, black).



258

K. Nomeika et al. / Lith. J. Phys. 55, 255-263 (2015)

the internal electrical field, however, cannot fully ac-
count for differences in IQE, especially at high carrier
densities. Also, large PL peak shift can be caused by
saturation of localized states at a low energy side of
the PL spectrum [19-22].

Time-resolved FCA, PL, and DT measurements
were carried out for a direct observation of carrier dy-
namics and discrimination between the radiative and
non-radiative recombination pathways. The FCA tech-
nique allowed determination of the average lifetime of
the net carrier population, while DT provided comple-
mentary information on temporal changes in the occu-
pancy of particular states. Figure 2(a) shows the FCA
kinetics recorded in sample A for various excitation
energy densities within the 30-890 uJ/cm’ range.
The peak amplitude of the transients increases linearly
with the carrier density within the entire excitation
range, thus confirming a linear increase of the photo-
excited carrier density and the absence of absorption
bleaching. A precise calibration of the carrier density N
and density-dependent recombination constants of
the ABC model [23] is feasible under this condition.
For the sake of estimation simplicity, an instantaneous
decay time at the very initial part of the kinetics (with-
in 90-200 ps after the pump) was calculated as a func-
tion of N (Fig. 2(b)). The latter dependence revealed
a close to the linear decrease of lifetime with excita-
tion which may be attributed either to the increase of
the radiative recombination rate (1/7_, ~ B, N, where
B_, is the radiative recombination coefficient) or to
the density-activated nonradiative recombination after
carriers escape from the potential minima and are cap-
tured by traps [24], which can be expressed by the non-
radiative recombination rate A(N) = B_N. If both pro-
cesses take place simultaneously, only a part of the total

2
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a .
(@)
E
)
E 0.1
-
£
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Probe delay (ns)

density-dependent recombination rate can contribute
to the radiative decay, i. e. B*=B_, + B_, in agreement
with our previous observations [25, 26].

We applied the described models for the analysis
of the excitation-dependent carrier lifetime. Following
the standard ABC model, the constant non-radiative
recombination coefficient A (or excitation-independ-
ent nonradiative lifetime 7,, = 1/A) and the effective
recombination coefficient B*~1/N can be obtained
from the fitting of the decay time 7= (A + B*N+CN?)"},
where C is the Auger recombination term. The Auger
term is considered as a possible mechanism of non-
radiative losses; however, it should be important only
at carrier densities well above 10" cm™ due to a small
value (~10*' cm®s) in InGaN [27]. For both samples
T, = /A = 35 ns was estimated from TRPL tran-
sients at long delay times (>30 ns); this term is domi-
nant at carrier densities below 10** cm™. The values of
the recombination coefficient B* were estimated from
Fig. 2(b) as 0.8 x 107" cm?®/s and 2.4 x 107! cm?/s for
samples B and A, respectively. The ratio of three be-
tween the B* as well the IQE values agrees quite well
for these samples, suggesting that competition between
the radiative and nonradiative processes varies with ex-
citation and depends on the sample structural quality.
On the other hand, different IQE values may be a con-
sequence of different density of carriers contributing to
radiative recombination. We fitted the measured IQE
curves with the modified AB*C model:

IQE = B“idlv . (1)
A+ (B + By )N
To better account for the IQE droop, saturation of
B, , with the excitation due to the phase-state filing
was included [28]:
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Fig. 2. (a) FCA kinetics in sample A at various excitations. (b) Instantaneous carrier lifetime at 100-200 ps delay as

a function of photoexcited carrier density.
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B
By =—— (2)
1+ —
N
Here, B, is the unsaturated recombination co-

0
efficient and N is the threshold carrier density

of saturation. B* = B_, + B = const was also as-
sumed since FCA measurements showed no satu-
ration of the net B* term. A good fit of IQE curves
was obtained under these assumptions, without
adding the Auger term (Fig. 3). Equation (1) al-
lowed obtaining exact absolute IQE values, while
the standard ABC with the C term of 2 x 107! cm®/s
yields in an overestimated IQE. Fitting parameters
were as follows: 1/A = 26 ns, B* = 2.4 x 107",
N = 94 x 10” cm? B = 09 x 107" cm’/s
(sample A); 1/A = 15 ns, B* = 0.8 x 107,
N'=20x10"cm>, B;=0.11 x 10" cm*/s (sample B).
Net B* values were taken from the fit in Fig. 2(b).
The analysis of Eq. (1) shows that the peak IQE value
is governed by the ratio of B_ /B, : this ratio is 0.6 and
0.16 in samples A and B, which correlates with the IQE
peak values of 30 and 10%. The efficiency droop oc-
curs due to the expected saturation of B_; [29]
and predominantly due to the increase of B, [26, 30].
The initially constant A term, being relatively small in
the samples, has some impact only at lower excitations.
Different values of the radiative recombination efficien-
cy B__, in the samples can be attributed to the quantum
confined Stark effect: stronger electrical field results in
larger separation of electron-hole wave functions and
smaller radiative recombination in sample B. We note
that N" values can also be affected by the electrical field,
since it is not accounted for in the simplistic model (1).

To assess the physical reasons behind the lower
radiative recombination rate in sample B, we mea-
sured and compared the PLand DT spectra at various
excitations and delay time instants (Fig. 4). The DT
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Fig. 3. Fitted IQE curves using the (1) model.
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Fig. 4. Time-integrated PL spectra at various excitations
(top figures, excitation range is indicated on the plot)
and differential transmission (DT) spectra at various
delay times (bottom figures) in samples with SL (a) and
without SL (b).

signal has a negative sign indicating the bleaching of
absorption in the bandgap vicinity. A shift between
the spectral positions of DT and PL spectra indi-
cates that absorption occurs in higher energy states
(presumably in the extended states of a QW), then
carriers relax in low energy localized states, where
radiative recombination occurs. An overlap between
the DT and PL spectra pointed out to the most ef-
ficient spectral range of carrier transfer from high to
low energy states. This process may influence the PL
efficiency, since the PL efficiency from the high en-
ergy states is low if compared to that from the lo-
calized low energy states [31]. At the 46 yJ/cm* ex-
citation (corresponding to 6.2 x 10'® cm™ carrier
density), the shift between PL and DT spectra is 25
and 31 nm in samples A and B, respectively. Larger
separation between the absorption and PL peaks re-
sults in smaller IQE in sample B, especially at lower
excess carrier densities. With increasing excitation,
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the PL spectra broaden as the localized states get
saturated and the fast PL transients point to emis-
sion from the higher energy. This broadening is
larger in sample B (Fig. 1(c)), pointing out to lower
density of the localized states in it with respect to
sample A.

Stronger carrier localization in sample A is fur-
ther evidenced by the dependence of the diffu-
sion coefficient D on carrier density (Fig. 5). D is
equal to 0.5 cm?/s and 1 cm?/s at carrier density
of 1 x 10" cm™ in samples A and B, respectively.
It increases with excitation in both samples, but
the increase is more pronounced in sample B. LITG
gives the bipolar diffusion coefficient, which under
the used experimental conditions is proportional to
the hole mobility [32]. We explain higher mobility
of free carriers (holes) in sample B by a larger part of
free carriers occupying the extended states in QWs,
as compared to that of sample A. With increasing
excitation, a relatively larger part of carriers is be-
ing transferred to the extended states, and this is re-
flected in asymmetrical broadening of DT and PL
spectra towards higher energies. A similar effect has
been reported previously [26]. Therefore, it can be
suggested that larger increase in the D value is also
a signature of faster non-radiative recombination
and, thus, lower IQE at high excitations. Delocali-
zation of presumably holes and subsequent increase
of non-radiative recombination of carriers with in-
creasing density is the physical origin of the term B
and a possible reason for IQE droop.

An impact of the pulsed MOCVD growth on
the IQE of QW structures was investigated by per-
forming similar measurements of IQE, time-resolved
PL, DT spectra, and LITG kinetics. Here a set of 3
samples was analyzed.
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Fig. 5. Diffusion coefficient as a function of photoex-
cited carrier density.

Figure 6(a) shows the comparison of IQE in
the samples grown under continuous or pulsed
growth mode (sample I and sample 2, respectively).
The pulsed growth resulted in almost twofold IQE in-
crease with respect to the reference structure. In con-
trast to the previous set, the peaks of the IQE curves
appear at similar carrier density of ~2 x 10" cm™ in
both samples. This value is close to that in sample A,
which confirms that the droop threshold density is
closely related to the structure of the sample, since
the latter determines the strain, internal electrical
field strength, and carrier localization. The latter is
weaker in the reference structure, as evidenced by
higher carrier diffusivity with respect to the pulsed
growth structure (Fig. 6(b)). Moreover, even slightly
weaker carrier localization and higher D value in
the LED structure lead to its low IQE value at low
excitations (sample 3). The LED structure also ex-
hibits larger PL blueshift with excitation (~70 meV)
if compared to sample 2 (30 meV, Fig. 7). Similarly
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Fig. 6. IQE values (a) and diffusion coefficient (b) as
a function of carrier density in the structures grown un-
der continuous (sample 1) or pulsed growth (sample 2),
and in the full LED structure (sample 3).
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Fig. 7. PL spectra (a) and PL peak position vs carrier
density (b) in samples 1, 2 and 3.

like in the previous set, a larger blueshift can be
a mixture of larger screening effects due to stronger
electric fields and saturation of localized states. Both
effects, however, have a similar negative influence
on IQE at low excitations and are eliminated at high
carrier densities, where IQE of the LED structure
reaches the same peak value as in sample 2. The latter
fact indicates a relatively low defect density and low
non-radiative recombination rate 4. It is evidenced
by TRPL measurements: 1/4 = z values are 13.5, 27,
and 49 ns at 1.4 x 10'® cm™ in samples /, 2, and 3,
respectively. Long lifetime and high IQE at high ex-
citations indicate that the top p-GaN layer has a neg-
ligible negative effect on LED performance, which
is often the case due to diffusion of Mg dopants to
the active MQW area [33].

4. Conclusions

Insertion of the superlattice interlayer and the pulsed
MOCVD growth were employed and yielded three-
and two-fold enhancement of IQE in InGaN/GaN

QWs, respectively. A detailed investigation by time-
resolved transient grating, photoluminescence, free
carrier absorption, and differential transmission
techniques was employed to analyze the physical ori-
gins of IQE increment and IQE droop at high car-
rier densities. The superlattice interlayer resulted in
lower strain and smaller internal electrical field in
the MQW samples. A crucial influence of carrier de-
localization to IQE and its droop was evidenced by
an inverse correlation between the IQE values and
carrier diffusion coeflicient: the increase in diffusiv-
ity resulted in the drop of IQE in all samples. A sim-
ple model based on the modified ABC rate equation
with the excitation-dependent A term was used to
account for increasing rate of nonradiative recom-
bination with the excitation. The IQE droop was ex-
plained assuming the linear increase of both radia-
tive and nonradiative recombination rates, together
with the saturation of the radiative recombination
coefficient due to phase-space filling. Finally, a LED
structure with a p-type contact layer was grown with
the peak IQE similar to that of the underlying MQW
structure.

Acknowledgements

This work at Vilnius University was supported by
the European Social Fund under Project VP1-3.1-
SMM-07-K-02-006.

References

[1] S. Nakamura, GaN growth using GaN buffer layer,
Jpn. J. Appl. Phys. 30(10A), L1705 (1991), http://
dx.doi.org/10.1143/JJAP.30.L1705

[2] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyoda,
Metalorganic vapor phase epitaxial growth of
a high quality GaN film using an AIN buffer lay-
er, Appl. Phys. Lett. 48(5), 353-355 (1986), http://
dx.doi.org/10.1063/1.96549W

[3] A.Sakai, H. Sunakawa, and A. Usui, Defect structure
in selectively grown GaN films with low threading
dislocation density, Appl. Phys. Lett. 71(5), 2259-
2261 (1997), http://dx.doi.org/10.1063/1.120044

[4] S.J. Leem, Y.C. Shin, K.C. Kim, E.H. Kim,

Y.M. Sung, Y. Moon, S.M. Hwang, and T.G. Kim,

The effect of the low-mole InGaN structure and

InGaN/GaN strained layer superlattices on opti-

cal performance of multiple quantum well active

layers, J. Cryst. Growth 311(1), 103-106 (2008),

http://dx.doi.org/10.1016/j.jcrysgro.2008.10.047

S.P. Chang, CH. Wang, C.H. Chiu, J.C. Li,

Y.S. Lu, Z.Y. Li, H.C. Yang, H.C. Kuo, T.C. Lu, and

S.C. Wang, Characteristics of efficiency droop in

GaN-based light emitting diodes with an inser-

tion layer between the multiple quantum wells and

&



262 K. Nomeika et al. / Lith. ]. Phys. 55, 255-263 (2015)

n-GaN layer, Appl. Phys. Lett. 97(25), 251114
(2010), http://dx.doi.org/10.1063/1.3531957
[6] W.V.Lundin, A.E.Nikolaeva, A.V. Sakharova, E.E. Za-
varina, G.A. Valkovskiy, M.A. Yagovkina, S.O. Usov,
N.V. Kryzhanovskaya, V.S. Sizov, PN. Brunkov,
AL Zakgeim, A.E. Cherniakov, N.A. Cherkashin,
M.J. Hytch, EV. Yakovlev, D.S. Bazarevskiy,
M.M. Rozhavskaya, and A.E Tsatsulnikov, J. Cryst.
Growth 315(1), 267-271 (2011), http:/dx.doi.
org/10.1016/j.jcrysgro.2010.09.043
T.C.Wen,S.J. Chang, C.T.Lee, W.C. Lai,and].K. Sheu,
Nitride-based LEDs with modulation-doped
Al ,,Ga  N-GaN superlattice structures, IEEE
Trans. Electron Dev. 51(10), 1743-1746 (2004),
http://dx.doi.org/10.1109/TED.2004.835985
[8] YJ. Liu, T.Y. Tsai, C.H. Yen, L.Y. Chen, T.H. Tsai,
and W.C. Liu, Characteristics of a GaN-based light-
emitting diode with an inserted p-GaN/i-InGaN
superlattice structure, IEEE J. Quantum Electron.
46(4), 492-498 (2010), http://dx.doi.org/10.1109/
JQE.2009.2037337
T. Jeong, H.J. Park, JW. Ju, H.S. Oh, J.H. Baek,
J.S. Ha, G.H. Ryiu, and H.Y. Ryu, High efficien-
cy InGaN blue light-emitting diode with >4 W
output power at 3 A, IEEE Photon. Technol. Lett.
26(7), 649-652 (2014), hitp://dx.doi.org/10.1109/
LPT.2014.2301874
[10]M. Moseley, B. Gunning, J. Greenlee, ]. Lowder,
G. Namkoong, and W.A. Doolittle, Observation and
control of the surface kinetics of InGaN for the eli-
mination of phase separation, J. Appl. Phys. 112(1),
014909 (2012), http://dx.doi.org/10.1063/1.4733347
[11]N. Dietz, M. Alevli, V. Woods, M. Strassburg,
H. Kang, and LT. Ferguson, The characterization
of InN growth under high-pressure CVD condi-
tions, Phys. Status Solidi B 242(15), 2985-2994
(2005), http://dx.doi.org/10.1002/pssb.200562246
[12] V. Woods and N. Dietz, InN growth by high-
pressures chemical vapor deposition: Real-time
optical growth characterization, Mater. Sci.
Eng. B 127(2-3), 239-250 (2006), http://dx.doi.
0rg/10.1016/j.mseb.2005.10.032
[13]A. Kadys, T. Malinauskas, M. Dmukauskas,
I. Reklaitis, K. Nomeika, V. Gudelis, R. Aleksiejanas,
P. Séajev, S. Nargelas, S. Miasojedovas, and
K. Jarasianas, Photoluminescence features and
carrier dynamics in InGaN heterostructures with
wide staircase interlayers and differently shaped
quantum wells, Lith. J. Phys. 54(3), 187-198 (2014),
http://dx.doi.org/10.3952/physics.v54i3.2959
[14]A.Kadys, T. Malinauskas, T. Grinys, M. Dmukauskas,
J. Mickevicius, J. Aleknavi¢ius, R. Tomasianas,
A. Selskis, R. Kondrotas, S. Stanionyté, H. Lugauer,
and M. Strassburg, Growth of InN and In-rich
InGaN layers on GaN templates by pulsed metal-
organic chemical vapor deposition, J. Electron.
Mater. 44(1), 188-193 (2015), http://dx.doi.
org/10.1007/511664-014-3494-6

S

5

[15]S. Leyre, E. Coutino-Gonzalez, ].]. Joos, J. Ryckaert,
Y. Meuret, D. Poelman, PE Smet, G. Durinck,
]J. Hofkens, G. Deconinck, and P. Hanselaer,
Absolute determination of photoluminescence
quantum efficiency using an integrating sphere
setup, Rev. Sci. Instrum. 85(12), 123115 (2014),
http://dx.doi.org/10.1063/1.4903852

[16]S. Valdueza-Felip, E. Bellet-Amalric, A. Nufiez-
Cascajero, Y. Wang, M.-P. Chauvat, P. Ruterana,
S. Pouget, K. Lorenz, E. Alves, and E. Monroy,
High In-content InGaN layers synthesized by
plasma-assisted molecular-beam epitaxy: Growth
conditions, strain relaxation, and In incorporation
kinetics, J. Appl. Phys. 116(23), 233504 (2014),
http://dx.doi.org/10.1063/1.4903944

[17]S. Park, T. Chung, ].H. Baek,and D. Ahn, Reduction
of efficiency droop in green strain-compensated
InGaN/InGaN light-emitting diodes grown on
InGaN substrate, Jpn. J. Appl. Phys. 54(2), 022101
(2015), http://dx.doi.org/10.7567/JJAP.54.022101

[18] Y.L. Li, Y.R. Huang, and Y.H. Lai, Efficiency droop
behaviors of InGaN/GaN multiple-quantum-well
light-emitting diodes with varying quantum well
thickness, App. Phys. Lett. 91(18), 181113 (2007),
http://dx.doi.org/10.1063/1.2805197

[19]G. Sun, G. Xu, Y.J. Ding, H. Zhao, G. Liu, J. Zhang,
and N. Tansu, Investigation of fast and slow decays in
InGaN/GaN quantum wells, Appl. Phys. Lett. 99(8),
081104 (2011), http://dx.doi.org/10.1063/1.3627166

[20]M.]. Davies, T.J. Badcock, P. Dawson, M.]. Kappers,
R.A. Oliver, and C.J. Humphreys, High excitation
carrier density recombination dynamics of InGaN/
GaN quantum well structures: Possible relevance to
efficiency droop, Appl. Phys. Lett. 102(2), 022106
(2013), http://dx.doi.org/10.1063/1.4781398

[21]N.I. Bochkareva, Y.T. Rebane, and Y.G. Shreter,
Efficiency droop and incomplete carrier locali-
zation in InGaN/GaN quantum well light-emitting
diodes, Appl. Phys. Lett. 103(19), 191101 (2013),
http://dx.doi.org/10.1063/1.4828780

[22]R. Aleksiejunas, K. Nomeika, S. Miasojedovas,
S. Nargelas, T. Malinauskas, K. Jarasitinas, 0. Tuna,
and M. Heuken, Carrier dynamics in blue and green
emitting InGaN MQWs, Phys. Status Solidi B
252(5) 977-982 (2015), http://dx.doi.org/10.1002/
pssb.201451583

[23]]. Piprek, Efficiency droop in nitride-based light-emit-
ting diodes, Phys. Status Solidi A 207(10), 2217-2225
(2010), http://dx.doi.org/10.1002/pssa.201026149

[24]]. Hader, J.V. Moloney, and S.W. Koch, Density-
activated defect recombination as a possible expla-
nation for the efficiency droop in GaN-based
diodes, Appl. Phys. Lett. 96(22), 221106 (2010),
http://dx.doi.org/10.1063/1.3446889

[25]T. Malinauskas, A. Kadys, T. Grinys, S. Nargelas,
R. Aleksiejinas, S. Miasojedovas, J. Mickevicius,
R. Tomasitinas, K. Jarasitinas, M. Vengris, S. Okur,
V. Avrutin, X. Li, E Zhang, U. Ozgiir, and H. Morkog,



K. Nomeika et al. / Lith. J. Phys. 55, 255-263 (2015) 263

Impact of carrier localization, recombination, and
diffusivity on excited state dynamics in InGaN/GaN
quantum wells, Proc. SPIE 8262, 82621S-1 (2012),
http://dx.doi.org/10.1117/12.906488

[26]R. Aleksiejanas, K. Gelzinyte, S. Nargelas, K. Ja-
rasitinas, M. Vengris, E.A. Armour, D.P. Byrnes,
R.A. Arif, SM. Lee, and G.D. Papasouliotis,
Diftusion-driven and excitation-dependent recom-
bination rate in blue InGaN/GaN quantum well
structures, Appl. Phys. Lett. 104(2), 022114 (2014),
http://dx.doi.org/10.1063/1.4862026

[27]T. Sadi, P. Kivisaari, J. Oksanen, and J. Tulkki, On
the correlation of the Auger generated hot electron
emission and efficiency droop in III-N light-
emitting diodes, Appl. Phys. Lett. 105(9), 091106
(2014), http://dx.doi.org/10.1063/1.4894862

[28] A. David and M.J. Grundmann, Droop in InGaN
light-emitting diodes: A differential carrier life-
time analysis, Appl. Phys. Lett. 96(10), 103504
(2010), http://dx.doi.org/10.1063/1.3330870

[29]].1. Shim, H.S. Kim, D.S. Shin, and H.Y. Yoo, An
explanation of efficiency droop in InGaN-based
light emitting diodes: Saturated radiative recom-
bination rate at randomly distributed In-rich
active areas, J. Korean Phys. Soc. 58(3), 503-508
(2011), http://dx.doi.org/10.3938/jkps.58.503

[30]R. Aleksiejiinas, P. S¢ajev, S. Nargelas, T. Mali-
nauskas, A. Kadys, and K. Jara$itnas, Impact of
diffusivity to carrier recombination rate in nitride
semiconductors: from bulk GaN to (In, Ga)N
quantum wells, Jpn. J. Appl. Phys. 52(8 S), 08JKO01
(2013), http://dx.doi.org/10.7567/JJAP.52.08]KO1

[31]F. Hitzel, G. Klewer, S. Lahmann, U. Rossow,
and A. Hangleiter, Localized high-energy emis-
sions from the vicinity of defects in high-effici-
ency Ga In, N/GaN quantum wells, Phys. Rev. B
72, 081309(R) (2005), hitp://dx.doi.org/10.1103/
PhysRevB.72.081309

[32]R. Aleksiejunas, M. Sudzius, T. Malinauskas,
J. Vaitkus, K. Jarasitnas,and S. Sakai, Determination
of free carrier bipolar diffusion coeflicient and sur-
face recombination velocity of undoped GaN ep-
ilayers, Appl. Phys. Lett. 83(6), 1157-1159 (2003),
http://dx.doi.org/10.1063/1.1599036

[33]D.M. Graham, P. Dawson, Y. Zhang, PM.E]. Costa,
M.J. Kappers, C.J. Humphreys, and E.J. Thrush,
The effect of a Mg-doped GaN cap layer on the op-
tical properties of InGaN/AlGaN multiple quantum
well structures, Phys. Status Solidi B 3(6), 2005-2008
(2006), http://dx.doi.org/10.1002/pssc.200565246

KVANTINIO NASUMO PAGERINIMAS InGaN KVANTINESE DUOBESE ITERPIANT
SUPERGARDELE IR NAUDOJANTIS IMPULSINIU AUGINIMU

K. Nomeika, M. Dmukauskas, R. Aleksiejanas, P. Séajev, S. Miasojedovas, A. Kadys, S. Nargelas,
K. Jarasitnas

Vilniaus universiteto Taikomyjy moksly institutas, Vilnius, Lietuva

Santrauka

Vidinio kvantinio nasumo (VKN) pagerinimas In-
GaN kvantinése duobése dél supergardelés jterpimo ir
impulsinio auginimo pritaikymo istirtas laikinés sky-
ros optiniy metodiky kombinacija. Supergardelés tarp-
sluoksnio jterpimas padidino VKN tris kartus, tai gali
bati aiskinama sumazéjusiu vidiniu elektriniu lauku dél
mazesniy jtempimy ir pakeisty lokalizacijos salygy. Im-
pulsinio auginimo déka VKN padidéjo dvigubai, tiki-

miausiai dél geresnés defekty kontrolés struktiros. Svie-
sos diodo darinys su virsutiniu p-tipo GaN kontaktiniu
sluoksniu buvo pagamintas naudojant supergardelés
tarpsluoksnj ir impulsinj auginima, tokiu buadu gautas
toks pats maksimalus VKN kaip ir darinyje be kontak-
tinio sluoksnio. Tiesinés rekombinacijos koeficientas
augo palaipsniui nuo zadinimo intensyvumo dél kravi-
ninky delokalizacijos. Pasinaudojus tokia priklausomy-
be, buvo sékmingai sumodeliuotas VKN smukimas.
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ARTICLE INFO ABSTRACT

Communicated by T.F. Kuech To shift the emission band to long wavelength side, InGaN/GaN multiple quantum wells were grown by

Keywords: metalorganic chemical vapor deposition (MOCVD) using pulsed delivery of the metalorganic precursors at fixed

Al. Carrier localization parameters of the pulses but variable growth temperatures and by introducing short-period superlattices (SPSL)

A3. MOCVD as buffer layers. By decreasing the growth temperatures for both SPSL and quantum wells down to 800 °C, a

A3. Quantum wells considerable shift of the photoluminescence (PL) band peak down to ~2 eV is achieved at reasonably acceptable

112113. ;PSId decrease in PL intensity at low carrier density. However, increase in the carrier density resulted in considerable
. Nitrides

blue shift of the band, and the efficiency droop onset occurred at rather low carrier densities. The comparison of
the data on PL and differential optical transmittance, which were supported by structural analysis, revealed that
the large red shift in the PL band position is predominantly caused by an increasing tail of localized states.
Meanwhile, the efficiency droop effect in the samples under study is caused predominantly by the enhancement

of nonradiative carrier recombination.

1. Introduction

The efficiency of InGaN-based light-emitting diodes (LEDs) and
laser diodes rapidly decreases as the emission wavelength is increased
above ~500 nm, resulting in a so-called “green gap” [1]. A few effects
are responsible for this strong deterioration of emission efficiency in
the InGaN multiple quantum wells (MQWSs) used as active regions.
First of all, the large mismatch of lattice constants and thermal
expansion coefficients between GaN or InGaN and sapphire, which is
commonly used as a substrate in III-nitride technology, results in
considerable strain. The strain facilitates formation of structural
defects and gives rise to strong built-in piezoelectric field, which
diminishes the internal quantum efficiency (IQE) due to the quantum
confined Stark effect (QCSE). Moreover, to shift the emission wave-
length to green spectral region, the incorporation of higher In content
in the active layers is required. Due to the reduced thermal stability of
InN, the high-In-content InGaN has to be deposited at rather low
growth temperatures [2,3]. Moreover, the strain inhibits the incorpora-
tion of In due to the compositional pulling effect [4,5]. Therefore, even
lower growth temperatures are needed. The combination of a low
growth temperature and an increasing strain energy leads to the
formation of a number of structural defects [6—8], which deteriorate
the structural quality of the active region, while the well-known

* Corresponding author.
E-mail address: juras.mickevicius@ff.vu.lt (J. Mickeviéius).
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inherent tendency of InGaN for compositional fluctuations might result
in the formation of large defect-rich clusters [8].

To improve the crystal quality and reduce the strain, several
technological approaches have been proposed [9-18]. These ap-
proaches focus primarily on inserting and optimizing an intermediate
layer between GaN buffer layer and InGaN/GaN active region. InGaN/
GaN short-period superlattices (SPSL) [9-12], low-In-content InGaN
layers [10,13], step-graded InGaN/GaN superlattice [14], or low-
temperature n-GaN layer [11,15] have been studied as prospective
intermediate layers. Generally, an increase in IQE [9,11-14] and
smaller photoluminescence (PL) band shift with increasing carrier
injection [10,14,15] have been demonstrated in the structures with
such intermediate layers. On the other hand, pulsed growth mode is
proved to be a promising approach to improve the quality of active
high-In-content InGaN layers. This technique was mainly used for InN
growth, but was also demonstrated as a prospective tool for InGaN
growth by metal-modulated epitaxy [16], high-pressure metalorganic
chemical vapor deposition (MOCVD) [17], and, recently, low-pressure
MOCVD [18].

In this work, we grow InGaN/GaN MQWs emitting in a wide
spectral range by using both SPSL and pulsed growth approaches. We
study how the variations of the temperatures for growing SPSL and
active InGaN QWs influence the long-wavelength shift of the emission.
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The comparison of the results obtained using PL spectroscopy, non-
linear absorption and structural characterization enabled us to link the
PL band position, band gap, and indium content with the technological
conditions used for the deposition of the structures. A drastic con-
tribution of carrier localization increasing in the samples emitting at
longer wavelengths is demonstrated.

2. Experimental

InGaN/GaN MQWs under study were grown using MOCVD tech-
nique in a close-coupled showerhead 3x2” reactor (AIXTRON).
Trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia
(NH;) were used as Ga, In, and N precursors, respectively. N, was
used as ambient and carrier gas.

3-um-thick c-plane GaN templates on sapphire were used as
substrates. Initially, the strain-relieving SPSL consisting of 8-15
periods of alternating low-In-content In,Ga; N (x=4-7%) and GaN
layers was grown. The thickness of one superlattice period was 4 nm.
The temperature of the SPSL growth was varied in the range from 860
to 800 °C. On top of the SPSL, five pairs of InGaN/GaN quantum wells
and barriers were deposited. The QWs were grown using a pulsed
growth regime, which was accomplished by modulating the flow of In
and Ga precursors into the reactor chamber, while maintaining the flow
of NH3 constant. Both metalorganic precursors have been delivered
synchronously for the duration of 15 s and the delivery pulses have
been followed by 12-s-long pauses. The on-off cycle was repeated 14
times in fabrication of all the samples under study. The growth
temperature of QWs was varied in the range from 810 to 800 °C. The
GaN barriers were grown in the usual constant TMGa flow regime. The
growth parameters for the samples under study are provided in
Table 1.

The structural characterization of the structures was performed
using transmission electron microscopy (TEM) (FEI Tecnai G2 F20 X-
TWIN) and X-ray diffraction (XRD) (Rigaku SmartLab) techniques.
Photoluminescence of the samples was studied under steady- and
quasi-steady-state conditions using CW He-Cd laser (325 nm) and the
3rd harmonic (355 nm) of the Q-switched YAG laser radiation (pulse
duration 4 ns) for low- and high-intensity excitation, respectively. The
luminescence signal was analyzed by a double monochromator (Jobin
Yvon HRD-1) and detected by a photomultiplier (Hamamatsu). The
measurements were performed in a wide range of excitation power
densities from 4 W/cm? to 10 MW/cm? to cover the excitation condi-
tions corresponding low carrier densities, which are convenient for
sample characterization, and the densities similar to those in operating
light emitting devices. The carrier lifetimes were estimated using time-
resolved photoluminescence (TRPL) spectroscopy. The samples were
excited at 405 nm using a femtosecond laser (pulse duration 250 fs).
The TRPL spectra and kinetics were recorded by a streak camera
(Hamamatsu).

Free carrier dynamics was studied using time-resolved differential
transmission (DT) spectroscopy. The experimental setup consisted of a

Table 1

Growth conditions of the InGaN/GaN MQWs under study: growth temperatures for
short-period superlattice (Tspsy) and quantum well (Tqw), the number of SPSL periods,
QW and barrier widths.

Sample  Tspsr, (°C)  Tow (°C)  SPSL QW width Barrier width
periods (nm) (nm)
s1 860 808 8 3.1 7.1
s2 820 810 8 3.7 6.6
S3 825 805 12 3.1 7.8
S4 810 800 8 3.9 7.8
S5 800 805 12 4.2 8.7
S6 800 800 12 4.5 7.7
s7 800 800 15 4.8 9.0
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Fig. 1. PL spectra of InGaN/GaN MQWs measured under (a) low (4 W/cm?) and (b)

femtosecond laser delivering 200 fs duration pulses at 1030 nm and an
optical parametric amplifier (OPA) generating light in the range from
630 to 2600 nm. The output of OPA was split into two beams. The 2nd
harmonic (391 nm) of one of the beams was used for excitation, while
the other variably delayed beam was passed through a sapphire crystal
to generate a white light continuum probe. The evolution of DT spectra
was observed using a spectrometer with a CCD camera (Harpia, Light
Conversion). A chopper was used to periodically close the pump pulse
and ensure measuring the transmission with and without excitation
(Tp(\t) and Ty(M), respectively) at various probe delays to obtain the
instantaneous DT spectra: OD(4, 1) = — log(T/,/Tn).
All the measurements were performed at room temperature.

3. Results and discussion

Fig. 1(a) presents the PL spectra of the InGaN/GaN MQWs
structures under study measured at excitation power density of 4 W/
em?. The PL spectra cover a wide range from 2.8 to 2.0 eV. As the PL
band shifts to lower energies, the PL intensity initially decreases only
slightly (samples S1-S2), then stays almost constant in samples S2-S6,
and strongly decreases in the sample with the PL band peaked at
~2.0 eV (sample S7). The shift of the PL band is accompanied by the
increase in the band width from 175 meV to 370 meV (in samples S1
and S7, respectively), and the more pronounced contribution of the
high-energy component.

A red shift of the PL band can be achieved by increasing the QW
width and/or In content in the QWs. The structural characterization
was performed to estimate these parameters. Fig. 2 shows a cross-
section TEM image of sample S1. This is a typical TEM image similar to
those for other InGaN/GaN MQWs under study. Five QWs can be
identified in the image despite the nonuniform shade in the QWs,
which is probably caused by fluctuations in indium composition [19].
The well and barrier thicknesses estimated using the TEM images of all
the samples under study are provided in Table 1. The trend can be
observed that the QW width increases as the PL band shifts to lower
energies. Note that all the QWSs were fabricated at a constant number of
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Fig. 2. TEM image of InGaN/GaN MQWSs sample S4.
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Fig. 3. XRD scans of three samples under study. The curves are vertically shifted for
clarity.

31 32 37

on-off cycles in delivering pulses of metalorganic precursors with fixed
parameters. The w-260 XRD scans for several samples are shown in
Fig. 3. The main diffraction peaks corresponding to GaN layers and
InGaN QWs are clearly expressed. However, the satellite peaks in the
XRD scans can hardly be clearly resolved. Instead, a shoulder in the
range between 33.5° and 34° is observed. This is an indication of non-
abrupt QW/barrier interfaces. As a result, the simulations of the XRD
curves provided ambiguous values of In content in the QWs. Therefore,
to estimate the In content in the QWs, optical characterization results
were used as discussed below.

The estimation of In content from the position of the PL band is
known to be complicated due to the presence of internal electric field
[20] as well as the large density of localized states [21]. On the other
hand, the DT technique has been shown to separate the field screening
behavior from the band filling effects [22,23]. The typical DT spectra
measured at different excitation intensities are shown in Fig. 4. At high
excitation intensities, the DT spectra consist of a single band with a
negative sign, indicating the dominant bleaching of absorption in the
band gap vicinity. As the excitation is decreased, the DT spectra
transform to the negative-positive-negative swing, which is character-
istic of the screening of the internal electric field [22,23]. The positive
peak in this case can be used to approximately estimate the excitonic
resonance (marked by an arrow in Fig. 4) [23]. The excitonic
resonances were estimated for all the samples under study (not shown
here), and only a small shift in the resonance position in respect to that
in sample S1 was detected (the largest shift was ~100 meV in sample
S7). Meanwhile, the shift of the PL band (see Fig. 1) was considerably
larger. The largest shift (in sample S7) was 730 meV and 420 meV at
low and high excitation conditions, respectively.
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Fig. 4. DT spectra of sample S2 under different excitations (indicated) at time delay of
10 ps. Arrow shows the exciton resonance position.

The In content in the QWs was estimated from the resonance
positions using the theoretical values of the built-in field. The resulting
In content was approximately 11-12% in all the structures under
study. The real internal field value might be reduced due to the strain-
relieving SPSL buffer. Taking this reduction into account, the resulting
In content values might increase up to 13—-14%. Nevertheless, all the
samples contain a very similar In content, while exhibiting a large red
shift in PL peak position of up to 0.8 eV. This large shift between the
spectral positions of DT and PL bands points out to extremely strong
influence of carrier localization as the emission band shifts to longer
wavelengths. The localizing potential arises due to the fluctuations in
QW width and/or In content. The absorption occurs to the higher
energy states (presumably, the extended states of the QW). Afterwards,
the carriers relax to the low-energy localized states, where they
recombine radiatively. The increase of the difference between DT and
PL bands as the PL band redshifts in the samples grown at lower
temperatures is related to the increasing strength of localization as well
as increasing density of localized states. Meanwhile, the increasing PL
band width points to the increasing energy distribution of the localized
states.

To gain more data on the peculiarities of carrier recombination, we
measured the PL spectra at different excitation intensities. As the
excitation power density is increased, the PL bands shift to higher
energies [see Fig. 1(b)]. Such excitation-induced blue shift is typically
attributed to two effects: screening of the built-in electric field [24,25],
and filling of deeper-lying localized states [25,26]. The value of the blue
shift correlates well with the QW width: a larger QW width corresponds
to a stronger blue shift of the PL band. This behavior is consistent with
the field screening effect. We performed the numerical calculations of
the expected band shift due to the screening by simultaneously solving
Schrodinger and Poisson equations. While there is some uncertainty in
indium content and internal electric field strength, the upper limit of
the blue shift is equal to 115 meV and 250 meV in samples S1 and S7,
respectively. Consequently, the rest of the observed blue shift (32 meV
and 210 meV in samples S1 and S7, respectively) can be attributed to
the filling of the localized states, in consistence with the increasing role
of carrier localization.

Moreover, the detailed analysis of the PL spectra at increasing
excitation intensity reveals the emergence of a second PL band peaked
at 2.75-2.8 eV. This band can be clearly observed in the spectra of
sample S7 (see Fig. 1), while it is not as clearly resolved in the samples
with the main band at shorter wavelengths, since the overlap between
the two PL bands is larger in those samples. The existence of similar PL
bands has been usually attributed to phase separation [27,28].
Transitions from higher energy levels in the QWs have been suggested
as an alternative explanation [29], however, the energy level calcula-
tions eliminate this interpretation for our case. The similarity in the
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spectral positions of the high-energy PL and DT bands leads to
conclusion that the second PL band emerging at high excitation
intensities is caused by band-to-band recombination of free carriers.
Fig. 5 presents the PL efficiency as a function of excitation power
density for the InGaN/GaN MQWs under study. The PL efficiency was
calculated as the ratio of spectrally-integrated PL intensity and excita-
tion power density. Two features are worth of noting: the efficiencies of
all the samples, though rather different in absolute value, (i) are peaked
at approximately the same excitation power density, and (ii) this
density is rather low. While the droop onset happens at approximately
the same excitation in all the samples, the corresponding carrier
densities differ due to different carrier lifetimes. The carrier lifetimes
were estimated from the initial transients of TRPL and DT kinetics (not
shown here) measured at low excitations. The lifetimes varied from
1 ns down to 100 ps in samples S1 and S7, respectively, which results
in the efficiency droop onset densities from 2x10'® to 2x10'7 cm™,
respectively. Such values of carrier density at the efficiency droop onset
rules out the Auger recombination as the dominant droop mechanism
in the samples under study, since the Auger recombination is effective
at the carrier densities above 10° em™ [30,31]. Therefore, the carrier
transfer/redistribution within the localized states related processes is
the most probable main origin of the efficiency droop for InGaN
emitting in the vicinity of the “green gap”. This conclusion is in
agreement with the dominant role of localized carriers in the PL
observed by comparison of PL and DT spectra of the samples under
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study. A similar situation has been observed in blue QW structures
[32].

The low value of the droop onset regardless of the PL band position
or, consequently, of the density and energy distribution of the localized
states looks similar to the behavior observed in AlGaN with strong
carrier localization [33]. The efficiency droop in high-Al-content AIGaN
materials was attributed to the enhancement of nonradiative recombi-
nation of localized excitons [34]. The link between the localized states
and nonradiative recombination has also been suggested to explain the
negative PL intensity-band width correlation in semi-polar InGaN
MQWs, where the localized states have been associated with the
partially relaxed regions having higher defect concentration [35].
Thus, the decrease in PL intensity (see Fig. 1) or efficiency (see
Fig. 5) is consistent with a higher defect density reasonably expected
in InGaN MQWs with strongly redshifted emission wavelengths. The
higher density of nonradiative recombination centers, in turn, results
in efficiency droop onset occurring at lower nonequilibrium carrier
density.

Thus, the decrease in growth temperature for both QWs and SPSL
results in a considerable red shift of the PL band peak position, as
illustrated in Fig. 6, where the peak position at low excitations is
plotted as a function of temperature for growing SPSL (Tspsy) and
QWs (Tow) of the corresponding samples. The PL band peak position
can be shifted down to the red region (~620 nm) by lowering Tspsy.
and/or Tow- As the temperatures are decreased down to 800 °C, a
rather small shift of the effective band gap is achieved mainly by the
increase in the QW width, while the In content in the QWs remains
practically unchanged. The main contribution to the shift is caused by a
strongly increasing tail in the energy distribution of localized states.

4. Conclusions

From the point of view of practical application, the lowering of the
temperatures in the pulsed MOCVD growth of short-period super-
lattices in the buffer layer and active quantum wells results in a
substantial red shift of emission band at low carrier densities but
suffers from a considerable blue shift as the densities are increased.
The decrease in the emission efficiency of the samples grown at lower
temperatures might be acceptable, however, a low threshold for the
droop onset as the carrier density is increased is a problem. The
comparison of the data obtained by photoluminescence and differential
transmittance techniques and supported by structural analysis and
calculations of the built-in field evidences that the considerable red
shift in the photoluminescence band position is caused by increasing
influence of carrier localization rather than by increasing In content.
The efficiency droop effect in the samples under study is caused mainly
by nonradiative carrier recombination, which is enhanced by increas-
ing density of nonradiative recombination centers in the increasingly
disordered quantum wells. Since the carrier dynamics is predominantly
determined by the growth-condition-dependent localization condi-
tions, both the peak quantum efficiency and the efficiency droop onset
might be improved by further optimization of technological growth
conditions.
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ARTICLE INFO ABSTRACT

Keywords: Localization of charge carriers is of crucial importance in InGaN light emitting devices since it governs carrier
InGaN transport and ensures high radiative efficiency. In this work, we observe the dynamics of carrier localization
Green LED

from an untypical redshift of photoluminescence spectra. We investigate two light emitting diode structures
grown by MOCVD on c-plane sapphire and emitting at 500 nm (cyan) or 530 nm (green). For the study, we
employ photoluminescence, differential transmission, and light induced transient gratings techniques. We
observe non-monotonous dynamics of photoluminescence peak position: a blueshift at short delay times
(< 10ns) is later replaced by a redshift, which increases both with time and excitation. The redshift values as
large as 30 meV in the cyan and 20 meV in the green structure were observed at 40 ns delay. We attribute this
redshift to density-dependent and diffusion-driven carrier redistribution between the shallower and deeper
localized states. The carrier delocalization with increasing density is confirmed by growing diffusivity of carriers
with excitation. We also demonstrate a correlation between the growth of diffusion coefficient and the onset of

PL redshift
Localized states
Carrier diffusion
Redistribution

efficiency droop.

1. Introduction

InGaN/GaN quantum structures are attractive for various lighting
applications due to high internal quantum efficiency (IQE) reaching
90% for blue and 30% for green light emitting diodes (LEDs) [1]. High
IQE values are obtained even in the heteroepitaxial structures despite
the high density of threading dislocations exceeding 10°-10° cm ™2
Localization of free carriers in the local potential minima is believed to
be responsible for low nonradiative recombination rate at dislocations
[2]. Quantum dot-like indium clusters were believed to be the main
source of local potential minima [3], but later it has been shown that
both random indium density fluctuations and monoatomic variations in
quantum well thickness can result in carrier localization even at room
temperature [4]. Recently, it was demonstrated that localization is
much stronger for holes than electrons due to higher effective mass of
the former [5-7].

Role of carrier localization becomes stronger with the increasing
indium content since it is accompanied by a larger disorder in
distribution of indium atoms [8]. On the other hand, higher indium
content also results in stronger internal electric fields, higher strains,
and larger defect densities. Stronger carrier localization can further
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separate the carriers from the defect states, but it also results in the
decrease of radiative recombination coefficient [8,9] due to non-
correlated potential fluctuations of valence and conduction bands and
a smaller overlap of electron and hole wavefunctions [10,11]. Carrier
localization can also alter the nonradiative recombination (SRH and
Auger) rates [9,12]. An opposite process of carrier delocalization takes
place at high temperatures and/or carrier densities, which increases
carrier mobility and nonradiative recombination rate leading to the
onset of efficiency droop at carrier densities that are lower than those
required for Auger recombination [13-15].

In this paper, we study the impact of localization to carrier
dynamics by analyzing the time and excitation-dependent spectra of
photoluminescence and absorption, as well as diffusion coefficient. For
this, we use several optical techniques: time-resolved and time-inte-
grated photoluminescence (TRPL and TIPL), differential transmission
(DT), and light induced transient gratings (LITG). Concerted application
of PL and DT enables monitoring the electronic transitions in both the
localized and extended states, while LITG provides a unique possibility
to directly measure and separate the carrier lifetime and diffusivity.
This allows for overcoming a certain limitation of SNOM and confocal
microscopy, were only a product of carrier diffusion coefficient and
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carrier lifetime — carrier diffusion length — can be measured [16-18]. As
a result, we reveal an untypical redshift in PL peak position, which
increases with time and carrier density and cannot be related neither to
band gap renormalization nor to electric field dynamics. Based on the
analysis of DT and PL data, we attribute this shift to a slow relocaliza-
tion of carriers from shallower to deeper potential minima. We show
that carrier diffusivity increases with density due to delocalization and
discuss the correlation between the growth of diffusivity and the onset
of efficiency droop.

2. Samples and techniques

We investigate two complete InGaN/GaN multiple quantum well
(MQW) LED structures, grown by metalorganic chemical vapor deposi-
tion on c-plane sapphire substrates. They emit light in the cyan and
green spectral ranges with characteristic peak wavelengths of 500 nm
and 530 nm (hereafter, the structures are referred to as “cyan” and
“green”, respectively). The samples consist of a standard sequence of
LED epilayers: a buffer layer (unintentionally doped GaN), a moder-
ately n-doped GaN:Si current spreading layer followed by a highly n-
doped GaN:Si contact layer, an active layer consisting of a stack of five
InGaN QWs with 3 nm well width (with an indium content of ~26% for
cyan and ~30% for green emission), separated by GaN barriers, and a
p-doped AlGaN:Mg electron blocking layer as well as a p-type GaN:Mg
contact layer on top. Since the growth processes and layer structures of
both samples are basically identical, we estimate that the In distribu-
tions are fairly similar, although the amplitude of variations might be a
bit larger in the sample with higher In content [19].

TRPL, TIPL, DT, and LITG measurements were carried out using
250 fs duration pulses generated by a PHAROS (Light Conversion) laser
(1030 nm, 30kHz repetition rate) and spectrally tuned with an
ORPHEUS (Light Conversion) optical parametric amplifier. Pump
wavelength was set at 392 nm (DT, TIPL, LITG) or 405 nm (TRPL) to
selectively excite the quantum wells. Pump energy fluence (further, we
will be using a term “excitation”) as high as 1 mJ/cm? per pulse could
be achieved. A Hamamatsu C10627 streak camera along with an Acton
SP2300 spectrometer was used for the measurements of TRPL spectra
and kinetics. TIPL spectra were measured using a fiber spectrometer
AvaSpec ULS 2048 (300 mm™ ).

To calibrate and compare the quantum efficiency in the structures,
an integrating sphere and a three-measurement approach [20] were
employed instead of a temperature-dependent PL method. The latter is
based on an assumption that nonradiative recombination is thermally
activated and vanishes at low temperatures. Recently, it has been
shown that this assumption lacks a fundamental support [21]. To
estimate the defect-related absorption coefficient at 392 nm in GaN
buffer, the test samples were produced by removing the active LED
structures by reactive ion etching. The measured absorption coefficient
values in quantum wells and GaN buffer were equal to 8 x10* cm ™!
and 2x10% em ™, correspondingly. These values were used for estima-
tion of photogenerated carrier density and quantum efficiency. We
assume that light extraction coefficient is the same in both samples
since they have the same structure.

White light continuum pulses within a 380-550 nm spectral range
were created in a sapphire window and used as a probe in DT.
Transmittance with and without pump (T,(A, t) and To(A), correspond-
ingly) at various probe delays and spectral positions was recorded using
a Harpia system (Light Conversion) with a spectrograph with 300 lines/
mm grating and a CCD camera. Differential transmittance is further
presented in a scale of mOD as:

]' o)

In LITG measurements, the sample was excited by a spatially-
modulated interference field of two coherent pump beams, which

To(4)
7,0 1)

TG )= IOOOXlog[
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created a transient spatially modulated free carrier pattern

N@) = N0+AN(1 + cos[zﬂ])
A )

with the grating spacing A [22]. For probing, the pulses at 1030 nm
were used, since the sample is transparent for this wavelength.
Diffraction efficiency #(t) of a transient grating is given as

-2t

=n(H)x eXp(T].
8

Liigrractea (1)
Lransminea (1)

(3)

where the grating decay time 7, consists of recombination and diffusion

times 7y and 7p as

1 1 1
+ =

7, T

4

where 7, = A*/4zD. Since 7, depends on A, the bipolar diffusion
coefficient D can be determined by performing measurements with
different induced grating periods. LITG technique has been successfully
used previously for lifetime and diffusivity measurements in GaN and
InGaN layers and structures [23-25].

All measurements were performed at room temperature.

D

3. Results and discussion

Fig. 1 shows the TIPL (top pictures) and DT (bottom pictures)
spectra in the cyan (a) and green (b) QW samples recorded at various
excitation levels. At low excitation (10 |,1J/cm2), the PL lines are
centered at 2.53 eV (490 nm, cyan) and 2.36 eV (525 nm, green) and
have full width at half maxima (FWHM) around 140 meV for both
samples. The QE curves (see Fig. 4(b)) are typical for the optically
pumped InGaN QWs [26], with the onset of efficiency droop at
~60-70 wJ/cm?  (this corresponds to the carrier density of
~10" em ™). The measured peak QE values reach 18 * 3% in the
cyan and 19 * 3% in the green structures; we note that light extraction
was not optimized in the structures. Since the PL linewidth is
determined by the fluctuations of hole localization energy due to
random alloy disorder [27] and a direct link was shown to exist
between the disorder and luminosity of polar InGaN layers [28], the
similar FWHM and QE of PL emission indicate similar structural quality
of investigated structures, despite higher indium content in the green
QWs. DT signal has a negative sign (bottom pictures in Fig. 1)
indicating the absorption bleaching due to the state filling effect [29].
DT spectra are shifted towards the higher photon energies with respect
to the PL peak by ~230 meV (cyan) and ~360 meV (green). Stokes shift
is considerably larger in the green sample, which points out to stronger
carrier localization in this structure [30].

Two trends are visible in TIPL spectra with increasing excitation: (i)
the width of PL spectra increases and (ii) a redshift in PL peak position
at low excitations is followed by a blueshift at high excitations; this is
especially noticeable in the cyan sample. The PL line broadening with
increasing carrier density has been attributed to gradual saturation of
shallow localized states and the consequent population of both higher
and lower energy states [31,32]. The behavior of PL line position,
however, is untypical: in polar QWs, one expects a PL blueshift with
excitation due to screening of the internal electrical field and state
filling [33]. Only at very high carrier densities, a redshift of PL band
due to band gap renormalization has been observed [34].

To investigate the temporal evolution of PL peak position, TRPL and
DT spectra were recorded at various excitations. Fig. 2 displays the PL
and DT peak positions for several delay times as a function of excitation
in the cyan sample. It is seen from Fig. 2(a) that the PL redshift at high
excitations evolves in time span of tens of nanoseconds. Thus, within
first 5 ns only a blueshift in PL peak position is seen. A closer look into
the early stage of spectral dynamics is provided by DT measurements
with better time resolution (Fig. 2(b)). Only the blueshift of DT spectra
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obtained from (a) PL and (b) DT spectra.

is seen within 7 ns delay; but the difference between the DT peak
position at high and low excitations constantly decreases with increas-
ing delay (from ~50 meV at 20 ps delay to ~20 meV at 7 ns delay). By
comparing the DT and PL spectra, we estimate that the redshift
becomes dominant between 7 ns and 10 ns. At 40 ns, the PL peak in
the cyan sample redshifts by 30 = 4 meV from 2.5 eV to 2.47 eV. In the
green sample the picture is qualitatively similar, but the shift is smaller
reaching 20 *+ 4 meV after 40 ns at the highest excitation (not shown).

In Fig. 3, we show the PL decay times at three different spectral
positions as a function of excitation. Two excitation regions can be
distinguished: low excitations below 10-20 pJ/cm?, where the PL decay
rate remains roughly the same at all wavelengths within the PL band,
and high excitations, where the blue PL wing decays faster than the red
one. In the low excitation range, the PL decay time in the cyan and
green samples falls within 12-15 ns and 20-30 ns, correspondingly. It is
interesting to note, however, that almost twofold difference in carrier
lifetime does not result in substantial differences in peak QE values.
This fact suggests that PL lifetime by itself is not a decisive indicator of
LED emission efficiency, as it reveals the carrier dynamics in rather
narrow spectral window with respect to DT [35].

303

Now we discuss possible origins of the PL redshift. Let us consider
the band gap renormalization (BGR), screening of the electrical field,
and carrier redistribution between the localized states as the possible
causes of this redshift. BGR is a fast process appearing instantly after
generation of free carriers. A shift of PL emission band due to BGR is
usually presented as

Eg(n) = Ego — pn'’?; (5)

here, n stands for carrier concentration and f is a fitting coefficient with
the reported values in the range (1.66 —2) X 10" %eVem [33,34]. BGR
should appear instantly after the excitation even at small delay times;
redshift of PL position due to BGR must increase with excitation, as it
was observed in Ing ;Gag gN QW by Sun et al. [34]. In contrast, the PL
peak is blue shifted at small delays (see black curve in Fig. 2(a)) making
BGR an unlikely reason behind the PL redshift at later times.
Similarly, a redshift of PL emission due to quantum confined Stark
effect (QCSE) in QW with internal electric field can be expressed as

() = Eg(0) — edF (n); ©®

here d is the QW thickness, e is elementary charge and F(n) is the
internal electric field strength
Fmy~ R - "4
g @
with maximum electric field strength F, electric constant ¢, and static
relative dielectric constant ¢ [33]. QCSE results in a rapid PL blueshift
due to screening of electrical field by free carriers and a subsequent
field recovery when carriers recombine; the spectral shift is propor-
tional to free carrier density n. While this situation resembles that
depicted in Fig. 2, one has also to bear in mind that the redshift due to
recovery of internal field cannot exceed the initial blueshift, i.e. the PL
peak position with increasing delay should approach that at small
excitations. In the samples under study, the redshift at long delays and
high excitations exceeds the initial blue shift considerably, thus
indicating that screening and subsequent recovery of the internal
electrical field cannot single handedly explain the PL spectral dynamics.
Hence, we attribute the observed redshift of PL emission at long
delays to the redistribution of carriers from the initially occupied
shallower localized states to deeper ones. This is feasible in a system
with large potential inhomogeneities and many local potential minima
that are considerably deeper than the thermal energy kgT [36,37]. After
the excitation, the nonequilibrium carriers are randomly distributed
between these minima. At low densities, the quasi-Fermi energies of
electrons and holes are low, thus carriers can get trapped in the
shallower potential minima. Increasing excitation raises the quasi-
Fermi levels increasing a probability for carriers to escape the shallower
minima and reach the deeper ones. It was proposed that localization of
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Fig. 3. PL decay time at different spectral positions (the blue wing, central area, and the red wing of a corresponding PL spectrum; the exact spectral positions are indicated by arrows in
Fig. 1) as a function of excitation in cyan (a) and green (b) QW structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).

carriers into deeper states is slower than that into the shallower ones
[32]. This model agrees with larger PL red shift at higher excitations
and longer delay times, presented in Fig. 2. Similar arguments were
used in explaining a tendency of the small red shift of PL spectra (few
meV) with increasing excitation power observed by near-field photo-
luminescence in semipolar QWs [17]. Also, it is in line with the fact that
at low excitations the PL decay time is the same for all states within the
PL bands (Fig. 3). Usually, the PL decay time is constant in the red part
of PL band for the localized states and then exponentially decreases
with photon energy for the extended states [35,38]. In our case, the
distribution of localized states must be very broad and emission from
these states seems to govern the entire PL line at low excitations. It can
be concluded that the deep localized states become saturated with
increasing excitation resulting in transfer of carriers into the extended
mobile states, which is reflected in the appearance of fast recombina-
tion component within the blue PL wing with recombination rate
increasing with excitation (Fig. 3). Within this model, the smaller PL
redshift and longer PL decay time (up to the excitation, where the
extended states come into the play) in the green sample indicates
relatively small disorder and smooth indium distribution.

To investigate the dependence of carrier mobility on excitation, the
bipolar diffusion coefficient D (diffusivity) was measured using LITG
technique; the obtained values are shown in Fig. 4(a) as a function of
excitation. We note that D values were extracted within first nanose-
cond after the photoexcitation when the carrier density is close to the
initial one. It is seen that (i) diffusivity non-monotonously increases

with excitation and (ii) D values in the samples under study differ below
40 pJ/cm® but become very similar at higher excitations. Increase in D
with excitation was observed previously in blue LED structure and was
explained by the increasing ratio of carriers in the mobile extended
states with respect to those in localized states; a change in the
occupancy was proposed as a reason for increasing rate of nonradiative
recombination with excitation [15]. The different recombination rates
in cyan and green samples at low excitations can be therefore attributed
to different diffusivity, which in highly excited nitrides is governed by
the mobility of holes [39]. Indeed, at 10 |.1.I/cm2 Dis 0.44 = 0.02 cm?/s
and 0.26 + 0.07 cm?/s in cyan and green structures and correlates well
with the values of 7p;, 15 = 0.3 ns and 25 + 0.3 ns, correspondingly; i.e.
an increase by 1.7 times in diffusivity results in the same drop in the
lifetime. With increasing excitation, the extended mobile states become
increasingly more populated, causing faster nonradiative recombina-
tion from these states. As it was discussed, this is also expressed as the
increase in the recombination rate of the blue PL wing (Fig. 3). We note
that droop threshold (60-70 wJ/em?) is very close to that when D
becomes equal in both structures. To illustrate the possible role of
carrier transport in the efficiency droop, in Fig. 4(b) we plot quantum
efficiency (PL normalized to excitation, open symbols) and PL signal
normalized to diffusion coefficient (closed symbols) as a function of
excitation. It can be seen that both PL curves behave similarly above the
droop threshold. This similarity suggests that the onset of efficiency
droop in the given samples is related to the increasing mobility of holes
with excitation due to their delocalization. This result agrees well with

T T T

D (cm’/s)

- —— T

: normalized to excitation [
1

!

1

l

i

: normalized to diffusivity
—0— Green: normalized to excitation
—&— Green: normalized to diffusivity

L

Efficiency (arb. u.)

1 10 100
Excitation energy fluence (uJ/cm’)

100
Excitation energy fluence (pJ/cmz)

Fig. 4. (a) Diffusion coefficient in the cyan and green QW samples as a function of excitation energy fluence. (b) PL signal normalized either to excitation energy fluence (open symbols)
or diffusion coefficient (filled symbols) in the cyan (red) and green (black) structures. The efficiency curves of cyan and green samples are arbitrarily shifted in respect to each other for
the sake of visibility. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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the numerical study by Dawson et al. [6] showing that while electrons
are mostly delocalized at all densities, the holes remain localized both
in-plane and cross-plane even at room temperature. With increasing
excitation, a relative part of delocalized holes increases, which gives
rise to higher rate of nonradiative recombination and efficiency losses.
The delocalization is expected to be of significance up to densities of
~10'° em ™ when the majority of carriers should become delocalized.
At higher densities, the e-e-h Auger recombination process was
suggested to dominate the efficiency droop [40].

4. Conclusions

In summary, we investigated two complete LED structures emitting
in cyan (500 nm) and green (530 nm) spectral ranges using several
optical techniques. Both structures are shown to be of similar optical
and structural quality, in spite of higher indium content in the green
structure. We observed the dynamics of carrier redistribution between
the localized states of various depths as an untypical redshift of PL peak
emerging at long delays and increasing with excitation. We demon-
strated that considerably different PL decay time did not result in
different QE at higher carrier densities; therefore, it cannot be used as a
reliable criteria for LED luminosity prognosis. The increase in carrier
density resulted in faster carrier recombination in the high energy states
and higher diffusivity, which in turn correlated with the onset of
efficiency droop. This fact supports the claim that increasing diffusivity
plays an important role in efficiency droop since the probability for
carriers to reach non-radiative recombination centers increases with
carrier mobility.
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