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INTRODUCTION

Light emitting diodes (LEDs) and laser diodes (LDs) are optoelectronic
luminous devices with various applications ranging from home appliances to
scientific research. Indium gallium nitride (InGaN) is a versatile material used for
creating luminous optoelectronic devices and is desirable due to its tunable
property within the visual spectrum which one may do by changing the
concentration of indium [1, 2]. Since the discovery of blue LEDs in the early
nineties [3], InGaN heterostructures have made significant technological advances
in solid state lighting (SSL) by increasing the efficiency of SSL technology and
reducing energy consumption as well as expanding the color range of LEDs [2].

However, InGaN has not yet fully reached its promising potential, regarding
efficiency, based on theoretical modeling, particularly within the green spectrum.
Currently several challenges exist that prevent reaching theoretical efficiencies.
One such challenge is the existence of large lattice mismatches, which cause
internal stresses that results in high internal piezoelectric fields or defect formation.

Additionally, the large lattice mismatches also cause indium segregation, which
further decreases efficiency [4]. Segregation is also a result of lower growth
temperature and higher indium (In) concentration that are required to achieve green
light emissions, yet also lead to a high defect density [S]. At lower temperatures
and higher In concentrations a miscibility gap develops in addition to coherency
strain, which results in spinodal decomposition. Ultimately, the atoms in the upper
layer segregate forming an uneven distribution of material or separate islands [6].
The uneven distribution causes fluctuations in the energetic bands resulting in a
carrier trap, which produces a red-shift of emission and a broadening of the full
wavelength of the half maximum (FWHM). Carriers in green emitting MQWs have
a long diffusion length, for which many carriers recombine non-radiatively before
reaching localization centers [7]. Those carriers, that manage to reach localization
centers are trapped and even though, it prevents from non-radiative recombination
centers (NRC), the effective luminous surface is reduced, which ultimately reduces
emission efficiency. Efficiency is further reduced when carriers are trapped in
localization centers with dislocations inside, where it is highly unlikely that
radiative recombination will occur [8]. Therefore, in order to increase the active
layer efficiency, indium segregation must be minimized. Currently several
techniques have been suggested that may increase the efficiency of InGaN MQWs
within the green spectral region.

One way to increase MQW efficiency is a short period of TMIn supply before
the growth of QW [9, 10]. Indium atoms can bond at the core of a threading
dislocation that results in prevention of dislocation glide during growth of QW.
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The threading defect reduction results in increased internal quantum efficiency, yet
this does not reduce In segregation. Another way to increase efficiency is growing
crystals on a Semi-polar GaN substrate [11, 12]. Semi-polar GaN substrates are
more lattice matched with InGaN QWs, than c-plane sapphire substrates. MQWs
grown on semi-polar substrates are therefore less stressed which results in
piezoelectric field reduction and homogenous growth of InGaN QWs even at high
In concentrations. Semi-polar GaN substrates are still relatively expensive when
compared with c-plane sapphire substrates. Thus cost leads us to find new solutions
for more efficient crystal growth using the economical c-plane sapphire substrate.
One of the methods to increase efficiency on a c-plane sapphire substrate that has
not been fully analyzed is by using a pulsed growth technique, which may reduce
In segregation [13, 14]. In a pulsed growth technique of QWs, TMIn flow is
periodically interrupted, while the rest of gas flow is kept unchanged. During the
interruption indium atoms desorb reducing the indium inhomogeneous distribution.

In this thesis the experimental work of pulsed growth technique by using metal-
organic vapor phase epitaxy (MOVPE) and analysis were presented. The influence
of pulse and pause duration as well as total growth time and growth temperature on
InGaN MQW characteristics were analyzed. Structural as well as optical
characteristics of InGaN MQWs were assessed. Finally, pulsed growth technique
was applied during the growth of InGaN LEDs.
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Aim
The aim of this thesis was to develop an MOVPE pulsed growth technique to
increase the efficiency of InGaN/GaN multiple quantum well structures for use in

high brightness green light-emitting diodes and to explain the underlying causes for
the changes in the optical properties.

The work for this thesis was part of the FP7 NEWLED project, whose aim was
to develop a new technological approach for the growth and design of LED
structures based on the (In,Ga,Al)N and (In,Ga,Al)(As,P) material systems to cover
the whole visible range. The project's partners included Osram Opto
Semiconductors — a leading LED company in Europe as well as 13 other
institutions and companies throughout Europe. One of the project’s tasks was to
grow Ill-nitride QW structures using the pulsed MOVPE method, which is the
work that is presented in this thesis.

Objectives

1. To develop an MOVPE pulsed growth technique for InGaN alloy film in
the Aixtron flip-top close-coupled showerhead reactor.

2. To determine the optimal temporal MO flow parameters at different
growth temperatures at which InGaN/GaN MQW photoluminescence
intensity is increased compared to conventionally grown InGaN/GaN
MQWs by measuring the structural and optical properties of the grown
structures.

3. To characterize the carrier localization profile in InGaN MQWs grown by
conventional and pulsed growth modes.

4. To apply the pulsed growth technique to create high brightness LED
structures using the optimized MQW growth parameters.

12



Key findings

e In a pulsed growth technique, for InGaN QWs, an optimized pause
duration for a given temperature should be used, and 1 to 4 monolayers of
InGaN should be grown during a single pulse growth cycle to achieve the
greatest PL enhancement.

e The pulsed growth technique is superior at creating higher density
localized states and enhancing PL intensity compared to QWs grown at
higher temperatures using the conventional growth method. Additionally,
the inevitable PL peak blueshift is observed in both techniques.

e The PL intensity enhancement achieved in pulsed grown InGaN MQW is
governed by the modification of the carrier localizing potential due to
enhanced migration of In atoms during the crystal growth and creation of a
smaller size and a higher density of indium-rich clusters in QWs.

Novelty of the Work

To our knowledge, this work is the first to show how the range of pulsed growth
technique parameters (pulse/pause duration and growth temperature) for InGaN
MQW structures influence the outcome as parameters are changed incrementally.
This study has established the optimal pulsed growth parameters for InGaN MQW,
which can be used in future applications for growing green-light emitting MQWs.

Author’s Contribution

e The author has designed the protocol for the pulsed growth technique and
performed the major part of the growth experiments.

e The author has performed or assisted with the characterization, data
analysis and interpretation.

e The author has drafted or significantly contributed to the editing of the
manuscripts for publication, the results of which are presented in this
thesis.

13



Layout of the Thesis

The thesis begins with the short introduction, which describes the interest in
InGaN material, the problems related to it, possible solutions to those problems,
and presents the pulsed growth technique as a solution for higher efficiency InGaN
materials and devices.

First chapter briefly introduces the InGaN structural, optical and electrical
properties, characteristics as well as material application in multiple quantum well
structures.

Second chapter provides an overview of InGaN growth using metalorganic
vapor phase epitaxy and growth related problems, which prevent scientists from
reaching the material’s potential theoretical quality.

Third chapter walks us through the experimental equipment and methods, which
were used in this research.

Fourth chapter depicts how the samples in this research were grown and which
growth parameters were used.

In fifth chapter the research results are presented and discussed. First, the
structural measurements and analysis are presented, followed by the optical
measurements and analysis. Two group of samples (green and cyan) are analyzed
respectively.

Sixth chapter is dedicated to carrier localization issues. The analysis of how the
pulsed growth technique influence localization profile as well as the resulting
optical outcomes are presented.

Finally, the seventh chapter presents the pulsed growth technique application to
LED structure growth.

Conclusions are presented at the end of the thesis.
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1 PROPERTIES OF III-N SEMICONDUCTORS

1.1 Crystal Structure

Periodic arrangement of atoms is the key feature of crystal structures, which
enables the existence of energy bands and a gap between them [15, 16]. The
carriers can easily move throughout the crystal in the energy bands. In the energy
gaps there are no energy states and thus carriers cannot exist. Semiconductor
materials can be divided into two different classes depending on their band
structure with either direct or indirect bandgap behavior (see figure 1.1). The
excited electrons occupy the upper — conduction band minima (CBM) and holes are
located in the valence band maxima (VBM). Charge carriers can recombine only
when the conservation law is met, which occurs when the carrier maintains it’s
momentum. In indirect band gap materials the electrons in CBM have different
momentum from the holes’ in the VBM and therefore to recombine they require a
third component — a phonon, which can change the electron’s momentum to match
with the hole’s. III-N are direct band gap materials, their CBM is located at the
same electron wave vector (K) value as the VBM, so the radiative recombination
from CBM to VBM has a much higher probability than the indirect bandgap
materials. This is an important feature for I1I-N optoelectronic applications.

Electron Energy

Momentum
Direct Indirect

Figure 1.1. Direct and indirect energy bands.

ITII-Ns possesses the ionic bonding. The bandgap energy tends to increase for
compound semiconductors composed of light elements and also having high
ionicity in bonding [17]. III-N band gaps are: 0.7+£0.05 eV for InN, 3.52+0.1 eV for
GaN and 6.1+0.1 eV for AIN [18, 19]. By controlling the mole fraction of each
binary component it is possible to achieve ternary alloys such as In,Ga; N with
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different compound ratios (0<x<1) that overlap the visible spectrum. That is a huge
advantage of III-N materials. The relationship between the InGaN compound’s
mole fraction and bandgap can be easily expressed by using Vegard’s law (1.1),
where Egq and Egq,) are In and Ga fundamental bandgap energies and b is a
bowing parameter which is specific for material compounds and for InGaN is
b=1.32+0.28¢eV [20].

Eg(InyGay;_xN) = xEgny + (1 — x)Eg(gay — bx(1 — x) (1.1)

The Ill-nitride materials have three possible crystal structures — zinc blende
(ZB), rocksalt or wurtzite (Wz). The ZB structure of III-N can be produced by
epitaxial growth using cubic substrates such as GaAs or Si, though the crystals are
metastable. Rocksalt structure can only be achieved under high pressure in a
laboratory environment and thus does not have any practical applications. Only the
Wz structure is thermodynamically stable and is wusually used in III-N
optoelectronics [21] .

The Wz atomic layers are arranged in the alternating hexagonal close-packed
(hcp) planes with the group III and N element sublatices, following the sequence of
..ABABAB.. as schematically illustrated in figure 1.2, which depicts a Wz GaN
unit cell. The atoms in the Wz structure are tetrahedrally bonded to the nearest
neighbor. Wz structure is described by two lattice parameters: a and c. Lattice
constant a describes the distance between atoms in the sublattice plane, while
lattice constant C is perpendicular to the base plane and describes spacing between
two sublatices of the same element. The displacement of the hcp sublatices with
respect to each other along the c-axis is characterized by the dimensionless
parameter U, which is defined by the bond length along the c axis between the
cation and the anion divided by the lattice constant c. In other words, U is a factor
characterizing bond length along the c-axis, as well as, distortion of the unit cell. In
an ideal wurtzite crystal u is always equal to 0.375 and the c/a ratio is always
1.633. Yet, differences in the electronegativity and the strong ionic character of III
group elements and N atoms causes the deviations of U and ¢/a, modifying the GaN
unit cell from the ideal Wz structure (see table 1.1). This modification is the reason
for the strong polarization that occurs in III-N materials [22].
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Figure 1.2. Schematic representation of GaN wurtzite unit cell. Blue balls represent group-
IIT atoms, red — N atoms. a and ¢ — lattice constants. Copyright, owned by U.W. Pohl; used
by permission [23].

Table 1.1. Lattice parameter values of I1I-N alloys [24].

Material a(A) c(A) u cla
InN 3.544 5.762 0.377 1.626
GaN 3.193 5.218 0.376 1.634
AIN 3.070 4910 0.382  1.600

The sequence of III and N element sublatices stacked on top of each other along
the ¢ direction results in an internal asymmetry that creates polarity of crystals.
Polarity of Wz crystals can be either Ga-polar - directed from the surface towards
the substrate, or N-polar, directed from the substrate towards the surface. Polarity
depends on the growth conditions. GaN growth on a sapphire substrate using
MOVPE usually results in Ga-polar materials [25]. Polarity of Wz crystals create
macroscopic spontaneous polarization (SP). The magnitude of SP is described by
the spontaneous polarization constant psp, which in III-N materials can initiate an
internal electric field up to 3MW/cm [22]. Generally, spontaneous polarization
inside the films occurs uniformly.

Due to the lack of suitable native substrates IlI-nitrides are commonly grown on
mismatched substrates with a different lattice constant a. This initiates the
compressive or tensile stress in a lateral direction that generates piezoelectric (PE)
field, which for the III/N can be up to 2MV/cm [22]. III-N materials, grown on a
sapphire substrate experience compressive strain and the PE fields are directed
from the surface towards the substrate.

Formula (1.2) depicts piezoelectric polarization along the (0001) axis, which is
expressed via the piezoelectric coefficients 33 and €3.
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8P3 = 63363 + 831(61 + 62) (12)

Here e3=(C-Cp)/Cy is the strain along the C axis, and €;=€,=(a-a)/a, is the in-
plane strain, which is assumed to be isotropic (Cy and a, are the equilibrium values
of the lattice parameters). Values of III-N piezoelectric coefficients are presented in
table 1.2.

Having no external fields, the total macroscopic polarization P is the sum of the
PE and SP. Thus, for III-N materials the total internal polarization field can be up
to SMV/cm.The piezoelectric and spontaneous polarizations have a significant
influence on III-N quantum wells, which will be discussed further.

Table 1.2. Spontaneous polarization and piezoelectric coefficients [26].

Material | pgy(C/m’)  e3(C/m’)  eg(C/m’)

GaN -0.029 -0.49 0.73
InN -0.032 -0.57 0.97
AIN -0.081 -0.60 1.46

1.2 Multiple Quantum Wells

The quantum well (QW) is a structure formed by the thin layer of
semiconductor with a lower bandgap sandwiched between two layers of another
semiconductor with a larger band gap. These two layers form a quantum barriers
(QB) and the middle layer — a quantum well. To achieve quantization, the QW
thickness has to be comparable to the de Broglie wavelength, and for III/N QW
thickness is usually ~3 nm. Carriers in the QW generated optically or injected
electrically via the contacts are confined to the quantized discrete states.
Confinement increases the electron and hole wave function overlap and the internal
quantum efficiency. Increasing the carrier concentration in the QW results in filling
of higher states up to the barrier level, where further increase of carriers results in
their escape from the active region. Stacking more QWs on each other and making
a multiple QW (MQW) structure can solve this problem. In theory another method
to increase the number of energy states in the QW would be by growing wider
QWs. However, the existence of polarization fields initiates a quantum confined
Stark effect (QCSE). The QCSE occurs in the QWs when an external or internal

19



electric field is applied, which bends the QW and spatially separates the electron
from the hole (See Figure 1.3). The separation increases when the QW width is
increased. The overlapping of the electron’s and the hole’s wave functions
decreases which in turn reduces recombination efficiency. Also QCSE reduces the
band gap and the spectrum is red-shifted. Thus, growing narrower QWs can reduce
the impact of the QCSE effect. Also, QCSE can be decreased when the high carrier
concentrations are injected, which begin to screen the internal electric field.

—

E=0 E:’:O

Figure 1.3. Illustration of ideal QW with no electric field and influence of QCSE, when the
electric field is applied. Copyright, owned by S. Mokkapati; used by permission [27].
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2 GROWTH KINETICS

Growth of III/V material by MOVPE can be divided into three steps: 1) kinetic,
or gas transport to the growth region, 2) thermodynamic, or chemical reactions of
precursor, decomposition and bonding to the substrate surface, 3) byproduct
exhaust to vent.

The first step of growth kinetics depends on material diffusion through the
boundary layer — thin layer of gas with the MO concentration gradient [28].
Diffusion through the boundary layer depends on system pressure and temperature.
Diffusion coefficient is inversely proportional to the pressure, thus at lower growth
pressure a mass transport of precursors through the boundary layer is induced.

Growth kinetics can be divided into three regimes depending on a growth
temperature (figure 2.1). During the growth of GaN, when the growth temperature
is low (<750K) overall material at the substrate surface reaction rate is low.
Material concentration on the substrate is high and diffusion through the boundary
layer is low. The growth rate is low, however it increases with temperature. The
kinetic limiting growth rate depends on overall reaction rate and it can be
expressed as:

Eq
Rate = Ae_(ﬁ) 2.1

Here A is a MO vapor pressure constant, E, is the activation energy and R is a
Boltzmann constant. One can see, that during kinetic limiting regime growth rate
strongly depends on a growth temperature. By increasing growth temperature
further (750-1200K) material reaction rate increases, gradient of material
concentration in the boundary layer becomes higher. Higher gradient of material
concentration initiates stronger MO diffusion through the boundary layer. Growth
rate increases, though it becomes little dependent on temperature.

Nitrogen has a lower bonding energy than the III-group materials, which not
only facilitates N incorporation, but increase desorption as well [29]. Atomic
nitrogen concentration depends on its source — ammonia. Ammonia cracking rate
depends on a growth temperature. If the growth temperature is lower or the supply
of ammonia is lower atomic nitrogen concentration decrease. In this case lack of
atomic nitrogen can become a limiting growth factor.

To avoid growth limitation due to the lack of atomic nitrogen, ammonia is
usually oversupplied during the crystal growth. Ammonia is oversupplied by
choosing high V/III ratio. Consequently, limiting growth factor becomes the supply
rate of the MO precursors to the wafer surface.
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In addition, growth of nitride materials is always accompanied by the surface
layer decomposition and desorption, which depends on a temperature and on a
carrier gas and its amount. As an example, hydrogen has high thermal conductivity,
which initiates In prereaction, increase In desorption and hinders In incorporation
[30, 31]. However, N, is a preferred carrier gas during the growth of In containing
materials. On the other hand, In desorption can be suppressed if the mass flux of
TMIn through the boundary layer is increased. TMIn supply increases when the set
ratio of TMIn/TMGa is higher [32].

As the growth temperature increases above (>1200K) the point is reached,
where material desorption rises significantly, which begins to reduce the growth
rate by further temperature increase. Usually crystal growth by using MOVPE
takes place in transport-limited regime, because of easier way to control growth
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Figure 2.1. MOVPE nitride material growth regimes. Copyright, owned by S. Kasap; used
by permission [33].

The deeper understanding of GaN growth can be addressed by analyzing
thermodynamics. Once the gasses are introduced to the reactor chamber, the adduct
formation between ammonia and TMGa begins. On the way to the wafer surface,
the temperature increases and at around 400K the decomposition of gases begins.
First TMGa:NH; aduct decomposes into the DMGaNH, and later into the
MMGaNH by eliminating methane molecules. Finally, at temperatures above
1200K dominating process is the last methane and carbon elimination and GaN
formation on a substrate surface. GaN diffuse laterally on a surface until reaching
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the suitable crystal site, where it is incorporated. This GaN growth path is the most
probable, though other paths as can be seen in figure 2.2 exist as well [34]. The
reduced growth temperatures as used for InGaN growth can increase the byproduct
(especially carbon) incorporation.
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Figure 2.2. Schematic GaN growth by MOVPE pathways. Copyright, owned by
D.Ehrentraut; used by permission [35].

2.1 Crystal Defects

Growth of III-N on the non-native substrates is always accompanied by some
degree of defect formation. Lattice mismatch and difference in thermal expansion
coefficient between the substrate and the epitaxial layer originates strong tensile or
compressive stresses. The stress is relieved when crystal layer relaxes through
formation of a threading dislocation TD or a stacking fault (SF) [36].

The density of TD in GaN usually lay in the range of 10° to 10'®cm > [37]. TD
density depends on the substrate, growth method, epitaxial layer and its thickness.
TD reduces the crystal quality, because it acts as a non-radiative recombination
centers. TD usually generates during the coalescence of the nucleation islands (NI).
The role of dislocation is to adopt the misalignments of the NI when they coalesce.
There are three types of dislocations: edge, screw or mixed type (the product of
former two). Edge type dislocations are mainly created at the boundaries of NI due
to the in plane twist of the NI. Screw or mixed type dislocations are usually created
inside the NI. The screw components created by the NI tilt misalignment. Majority
of dislocations run in parallel with the surface normal. Usually, the edge type
dislocations dominates as a threading defect, especially when the grain diameters
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are <1 pm [38]. Meanwhile the screw dislocation densities are not influenced by
the grain diameters.

As the crystal thickness increase, the surface becomes more even, the mosaic
feature of coalesced islands with misorientations disappears. TD formed at the
interface of nucleation layer and GaN buffer layer extends along the c-direction up
to the MQW. Thicker buffer layer reduces TD density, as more dislocations
annihilate in pairs. At the MQW TD can create a V-pit - a defect with V-shaped
hexagonal walls {10-11} that include thinner InGaN/GaN layers than the rest of
the MQW. Figure 2.3 represents the schematic formation of a TD and a V-pit
inside the MQW.

AlGaN
cap layer

Figure 2.3. Schematic representation of a V-pit inside the MQW. Copyright, owned by F.
C. P Massabuau; used by permission [39].

The formation of V-pits begins, when the growth temperature is reduced and In
is introduced. Strained field around the TD captures In atoms, and they segregate
[40-42]. Further segregated In act as a mask for TD and hinders the Ga migration
on the (0001) monolayer. Ga becomes terminated on the six {10-11} planes. With
the MQW growth InGaN/GaN layers grow on {10-11} sidewalls as well, although
the growth rate is low and the layers on {10-11} sides are thinner than on the
(0001) plane. The capping layer grown on top of the MQW fills the V-pit. Still, TD
propagates to the free surface through the V-pit filled with the capping layer.

The second way for epitaxial layer under the stress to relax is through formation
of a stacking fault — a disorder of crystallographic planes. The dominating stacking
faults in nitride materials grown on the polar substrates are the basal plane stacking
faults (BSF). BSF are created, when the stacking order of ABABABAB along the c-
axis is transformed into the order of ABABCBCB (see figure 2.4).
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Figure 2.4. Schematic representation of a SMB and V-shaped grove formation. Copyright,
owned by H. K. Cho; used by permission [43].

The BSF generate stacking mismatch boundary (SMB), when the faulted area
on the left-hand side (ABABCBCB) meets the correct arca (ABABABAB) on the
right-hand side. The SMB propagates through the material and usually in the
MQW creates a V-shaped grove — a trench defect (TRD). The schematic
representation of a TRD is presented in figure 2.5. Figure 2.6 presents the image of
InGaN MQW surface measured with AFM, where the TRD as well as TD can be
identified. The density of TRD is often similar to the density of TD [39]. SMB as
well as TRD often encloses small material region that posses different emission
properties than the surrounding area. SMB relax the enclosed region and allows
higher In incorporation often resulting in a red-shifted and intensified emissions
than the surrounding area. On the other hand, relaxation of the area in vicinity of
TRD decrease the QCSE effect. If the higher amount of In is not incorporated, the
photoluminescence (PL) from the area in vicinity of a TRD blueshifts. On the other
hand trenches act as NRC and reduce overall material internal quantum efficiency.
Thus, defect elimination is always one of the key goals in increasing material
quantum efficiency.
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Figure 2.5. Schematic V-pit representation. Copyright, owned by M. Shiojiri; used by
permission [40].
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Figure 2.6. AFM image of a InGaN MQW surface, where the trench defects and V-pits can
be identified. Copyright, owned by J. Smalc-Koziorowska; used by permission [44].

2.2 Indium Segregation

One of the goals when growing composite materials, such as In,Ga; 4N, is to
achieve even distribution of material across the surface area. Under optimized
growth conditions when the In concentration is low (<15%) it is possible to create
the InGaN layer more or less laterally homogeneous [45]. Although higher In
concentration is followed by the rise of coherency strain.

The capability of incorporating higher amount of In into the InGaN layer
becomes problematic, because increasing strains tend to relax by forming defects
as well as initiating In segregation (metallic In droplet formation or
inhomogeneous In distribution between In-rich clusters) [4]. The InGaN, grown on
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c-plane GaN coherency strain limit is no more than 20% of In [46]. Though,
usually even smaller amount of In leads to the lattice relaxation through the defect
formation. As a result, InGaN material with higher In concentration possess low
quantum efficiency which is called the “green gap” problem. Coherency strain can
be reduced by growing InGaN on the native substrates or by using lattice strain
adjusting techniques, such as inserting superlattices [47] or strain adjusting layers
[48].

Indium segregation is a result of lower growth temperatures and higher indium
(In) concentration that are required to achieve green light emissions [5]. Lower
growth temperature leads to ineffective ammonia cracking and depression of
atomic nitrogen [13]. Indium atoms, lacking atomic nitrogen forms In clusters, that
can be incorporated into the material as a metallic In droplets. The process is
boosted by the lower energy of InGaN surface, that facilitates In atoms in the
subsurface to exchange with the surface. Also, at lower temperatures and higher
indium concentrations a miscibility gap appears and coherency strain increases
between different materials resulting in spinodal decomposition which results in an
uneven distribution of material [6]. In segregation induces the In gradient along the
growth direction as well as In content fluctuations on the surface [49].
Furthermore, it also modifies the conduction and valence band shape, which results
in a higher spatial separation of electrons and holes as well as reduces the in-plane
carrier wave function overlap resulting in a decreased MQW efficiency [50].

On the other hand, to some extent uneven distribution of In causes fluctuations
in the energetic bands resulting in a carrier trap, which produces a red-shift. To
some degree In-rich cluster formation is advantageous, when one tries to get PL
peak deeper into the green region. Though, usually In has an inhomogenous
distribution between In-rich clusters resulting not only in a redshift but the
broadening of the full wavelength of the half maximum (FWHM) as well.

Carriers in the green emitting MQWs have a long diffusion length of few
hundred nm, for which many carriers recombine non-radiatively before reaching
localization centers [7, 46]. Those carriers that manage to reach localization centers
are trapped and prevented from migration to the NRC. Because most of emission is
from localization centers the effective luminous surface is reduced, which
ultimately reduces emission intensity and efficiency at higher excitation. Efficiency
is further reduced when carriers are trapped in localization centers where
dislocations exist and where it is highly unlikely that radiative recombination will
occur [8]. Therefore, in order to increase the active layer efficiency, the metalic
indium segregation as well as inhomogenous distribution of In in In-rich clusters
must be minimized. There are couple of techniques, which can reduce In
segregation.
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First of all, optimal growth conditions must be set. In segregation is temperature
sensitive - higher growth temperatures reduce In segregation. On the other hand,
higher growth temperatures increase In desorption and reduce overall In
concentration. Lowering TMIn flow results in a similar outcome — the reduced
source of atomic In reduces overall In concentration as well as In segregation.

Secondly, additional growth optimization techniques might be applied. The
simplest way to reduce In segregation is by growing InGaN MQW homoepitaxially
on a native GaN substrate [35]. Although, GaN substrates are still relatively
expensive, thus many are keen to find alternative growth techniques.

Wang et. al. suggested, that the temperature ramp up process between the
growth of QW and QB can decrease the indium segregation [51]. At the end of QW
growth flow of all MO is interrupted, keeping only the flow of NH; and the
temperature is being ramped up to the temperature of QB growth. During this
process InGaN layer is not protected with the GaN layer, and some of In clusters
decomposes. According to Oliver et. al. such QW reveal to increasing temperatures
results not only in reduction of In clusters, but also in evaporation of the InGaN
layer itself that leaves the InGaN layer with gross width fluctuations [52]. In fact,
such QW width fluctuations can be beneficial in carrier localization and increase
the IQE.

Another possible solution is by introducing the different flows of hydrogen after
the QW growth, before the growth of QB. In is very sensitive to H,, as it becomes
volatile and quickly desorbs, leaving GaN areas and thus changing the QW from
two dimensional layer into three dimensional islands [53]. On the other hand,
Lundin et. al. showed, that the hydrogen-free atmosphere during the MO
interruption between QW and QB growth is more advantageous for the green
MQWSs [54]. In desorption is not that volatile and it helps to provide the formation
of much more stable localizing regions with high indium content that contributes to
enhanced emission efficiency.

There have been several works suggesting that the characteristics of InGaN
layers and MQW structures could be improved, if they were grown with MO flow
interruptions — to supply MO into the reactor chamber in pulses [55-59]. Lai et. al.
suggested that MO flow modulation during the growth of InGaN QW can reduce
V-pit density and reduce surface roughness [60]. Although, the MQW emission is
blueshifted and the droop effect increased.

Rossow et. al. suggested the two stage process taking the place during the
growth of InGaN MQWs, that could explain the possible benefits of the pulsed
growth technique [61]. During the InGaN growth, adsorbed Ill-group atoms
initially form an adlayer and only from the adlayer they are incorporated into the
crystal lattice. If the growth temperatures are high, desorption rates are high and it
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is likely that the second adlayer is not completely filled. Reducing the growth
temperatures increase the occupation of the second adlayer as well as probability of
In incorporation. When the second adlayer is filled In can easily diffuse laterally
and form In clusters, which after certain point becomes stable In droplets. Further,
In droplets can ether feed the adlayer and be incorporated, desorb or remain as a
point defect, which is especially likely if the excess In is constantly supplied from
the gas phase. Thus, MO flow interruption can increase the chances of first two
paths, that lead to reduction of In droplet concentration.

The existence of In source (droplet) at the adlayer can be proved by the fact,
that after applying growth interruptions (during which some of In should desorb),
the overall In concentration in the layer does not reduce, but contrary can increase
up to two times. Thus, it proves, that growth of higher In concentration layers tends
to form In droplets. Growth with interruptions reduces In droplet concentration and
distributes In composition inside the QW more uniformly [13]. As a result density
of localized energy states reduces. Reduced In segregation reduces the In-gradient
along the growth direction and its built-in field, which modifies the valence and
conduction bands. As a result energy bands are less tilted resulting in a larger
density of states. Since the density of states increases, the quantum efficiency also
rises (figure 2.6) [PMD1].

Although, there are clear suggestions that growth with interruptions can
suppress In segregation, there are still lack of research presenting optimization of
growth with interruptions. Also there is lack of analysis how different growth
parameters could influence growth process. That is the reason why we were keen to
address this issue.

10}
gm\\?\:’ o ® \.\
P ®
]
= o \c\ .-’. . -
s st _m S
[aa] ~
o ./.
l I17 IlH I'W I"()
10 10 10 107

Photoexcited carrier density (cm'l)

Figure 2.6 Internal quantum efficiencies. Sample 2 — pulsed grown sample (five 15s pulses,
5s pauses), Sample 1 — reference grown conventionally without MO interruptions [PMDI1].
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3 INSTRUMENTATION
3.1 Metal-Organic Vapor Phase Epitaxy

MOVPE is an epitaxial crystal growth technique for III-N semiconductors. The
beginning of this technology is attributed to the pioneering works of Manasevit in
the late 1960s. By 1971, Manasevit et. al. reported the first attempt to grow AIN
and GaN using metalorganics [62]. Nowadays MOVPE is used for the growth of a
single crystalline layer for a wide range of materials: II/VI, IV/VI and III/V [63].

Initially the development and use of MOVPE technologies was slow, yet the
appearance of high performance devices in late 1970s such as the R. D. Dupuis
AlGaAs/GaAs laser diodes (LD), R. R. Saxena et. al. solar cells and R. R. Bradley
light emitting diodes (LED) [64-66], made the way for MOVPE to be seen as a
suitable technology for commercial production and application. The quality of III-
N as well as their optical and electrical properties were rapidly improved,
especially after Amano et al. report on p-doping of GaN in 1989 [67], and
Nakamura’s report on GaN growth using GaN buffer layer [68].

The MOVPE technique is based on metalorganic precursor (MO) transport,
decomposition and adsorption on a substrate surface. The main components of
MOVPE reactors are: MO containers (called “bubblers”), gas lines, reactor
chamber and exhaust system (see figure 3.1). The bubblers with liquid MO are kept
within temperature controlled baths. The temperatures within these baths are
controlled precisely to allow for the appropriate vapor pressure. Carrier gasses (H,
or N,) injected into the bubblers saturate with the MO and end up in the gas lines.
Then saturated gasses can be diluted with H, or N, and passed to the reactor. The
amount of injected carrier gas, gas dilution and output to the lines are precisely
controlled by the mass flow controllers (MFC). The valves at the carrier line can
quickly open or bypass the flow to the reactor chamber by directing gasses to
exhaust.
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Figure 3.1. Scheme of a gas lines in CCS MOVPE.

The MOs that are used in the Vilnius University laboratory’s MOVPE include
Tri-Methyl-Gallium (TMGa), Tri-Methyl-Indium (TMIn), Tri-Methyl-Aluminum
(TMALI) and Bis-Cyclopentadienyl-Magnesium (Cp,Mg) as the source of Ga, In, Al
and Mg respectively. The source of nitrogen and silicon are ammonia (NH3) and
Silane (SiH,) respectively. The NH; and SiHy gas lines are separately controlled by
the MFC and valves. To prevent gas prereactions the gases of V and III groups are
injected separately into the reactor chamber through the close-coupled showerhead
(CCS). CCS is the top lid of the reactor - a matrix with multiple small tubes (figure
3.2). To prevent gas decomposition before entering the reactor chamber, CCS is
cooled with water, which helps to maintain the CCS temperature at ~50 °C. The
CCS’s close proximity (~10mm) to the substrate holder, also known as the
susceptor, helps to prevent gas recirculation and ensure laminar flow of the gasses.
Our MOVPE susceptor has three pockets for 2” substrates. At the surface of the hot
susceptor gas molecules decompose and adsorb to the substrates and the susceptor.
The susceptor is heated from beneath with a resistive heater. To reduce temperature
and gas flow deviations in a circumferential direction, the susceptor rotates at a rate
of 50-100 rpm. Unreacted or desorbed molecules are exhausted through the vent
system, which maintains the desired chamber pressure in the range of 50-900 Torr.
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Figure 3.2. CCS MOVPE reactor, which was used in our experiments - a cross-section
image. Copyright, owned by Aixtron; used by permission [69].

Thin film growth process is monitored in-situ by using reflectometer. By
monitoring the reflection of a laser beam, the film surface empirical quality and
growth stage, as well as thickness, can be deduced [70].

The reflectometer consists of a 660 nm laser diode (LD) and a four-detector
matrix connected to two optical probes that are located on top of the reactor
showerhead. The LD light, transmitted through the optical probe, reflects from the
film surface and substrate/film interface, interferes and after transmission through
the second optical probe is detected by the detector. The amplitude of reflected
light depends on the film thickness d, which is related to the occurrence of
constructive or destructive interference and film surface roughness, which scatters
light and reduces the overall detected signal. The typical interferogram, acquired
during the growth of GaN is presented in figure 3.3.

The reflectance from the sapphire surface marks the initial signal amplitude in
interferogram. At the stage A-B nucleation of GaN begins and the signal amplitude
increases up to the point B. The surface anneal follows at the temperature of 1000
°C, and the hexagonal GaN island formation occurs, which results in the rough
surface and the amplitude of the signal decrease from stage B to C. Then, at point
C, MO flow is introduced and islands begin to grow in size, resulting in rougher

32



surface (up to the point D). At point D, the island coalescence begins, which results
in emerge of interference fluctuations. At point E coalescence finishes and 2D film
growth begins.
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Figure 3.3. Typical interferogram acquired during the growth of GaN. Copyright, owned by
T. Nishinaga; used by permission [71].

3.2 Structure Characterization Techniques

3.2.1 X-Ray Diffraction

X-Ray diffractometer (XRD) is a non-destructive instrument that is used to
characterize material composition, structure and quality by measuring X-ray
diffraction from a single crystal. The primary X-ray beam interacts with the
sample’s surface and diffracts. The diffraction of X-rays from the crystallographic
planes occurs due to the primary X-ray excitation of lattice atoms and emission of
secondary X-rays. Secondary X-rays interfere and create a diffraction pattern. The
secondary X-rays can only be detected when they interfere constructively [72]. The
constructive interference is achieved when the Bragg’s diffraction condition is
fulfilled (equation 3.1).

2dsinf = ni (3.1)

Bragg’s equation describes the relationship between the angle of a primary
beam 6 and the interplanar distance of crystallographic planes d. 1 is the X-ray
source wavelength and n is an integer that stands for the reflection order. The
interplanar distance d can be calculated by measuring the angle at which the
constructive interference of diffracted beam occurs. Figure 3.4 presents a scheme
of X-ray diffraction from the crystal lattice. When the Brag’s law is satisfied the
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path difference between two scattered X-rays, denoted as 1’ and 2’, is equal to one
wavelength and the path difference between 1’ and 3’ is equal to two wavelengths.
All of the other diffracted X-rays from the atoms at all planes are considered to be
in phase.

Plane normal Y

Figure 3.4. Schematic representation of X-ray diffraction by a crystal. Copyright, owned by
Y. Waseda; used by permission [73].

Figure 3.5. Schematic representation of XRD @ - 20 scan.

All XRD measurements in this work were conducted by using @ - 2@ scan
configuration, which is schematically presented in Figure 3.5. When the crystal
planes are not parallel to the sample’s surface the angle between the incident beam
and the sample surface (w) differs from the ©. In this case, the offset angle between
incident beam and sample surface has to be found at which the incident beam is
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parallel to the crystal planes. Additionally, the scan interval of (w-w’) and
(20-20°) has to be chosen. Usually during the III-N w - 20 scan the reflections of
the (004) planes are registered. During the scanning, the X-ray source and the
detector move towards each other at the same speed to maintain the same direction
of the scatter vector S.

The XRD diffractometer used in our research was “Rigaku, SmartLab”. XRD
consists of three main components: X-ray source, goniometer with sample holder
and X-ray detector. The X-rays are generated as follows: heated cathode tube emits
electrons that are accelerated by the 9kV voltage toward the copper target, where
they are absorbed and emit the white X-rays spectra. The characteristic line of Ky
J=1.56054 A is filtered by germanium crystal monochromators and directed
towards the sample. The sample is fixed on the sample holder that is mounted on
the goniometer, which can be rotated in all directions to set certain diffraction
condition. The scintillation detector (SC - 70) is used to detect diffracted X-rays
from the sample. The measured data in our research was analyzed using GlobalFit
software.

3.2.2 Reciprocal Space Mapping

The chemical composition of InGaN films is usually estimated from the peak
position of XRD (00l) reflection in w - 26 scan, by applying Vegard’s law.
However, for the greater accuracy of In content and to get further details about the
lattice, the influences of strain and composition must be separated and analyzed
quantitatively through reciprocal space mapping (RSM). The RSM is the crystal
lattice Furje transformation, where each point corresponds to the set of crystal
planes. Directions in the RSM are the same as in the real space, while the distances
are inverted [74].

The reciprocal lattice is constructed by choosing an origin and drawing a vector
S (scattering vector) in a direction of the plane normal of a specific set of the
crystallographic planes. At the tip of the vector S a point of a specific set of the
crystal planes is plotted. The S magnitude is equal to 1/d, where d is an interplanar
spacing. The S is changed by choosing the angle w of the incident beam. The RSM
is obtained by taking a series of w—26 scans and presenting measured results in the
map form.

Usually, to determine which lattice planes will create a diffraction signal for an
incident beam wavelength 4, the Ewald’s sphere is constructed (figure 3.6). The
radius of Ewald’s sphere is the incident beam vector Ky and the radius length is 1/4.
During the elastic diffraction (no energy is gained or lost), the incident beam vector
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Ko is equal to the diffracted beam vector ki, with a length of 1/4. The difference of a
ko and kj is equal to S, which lays (touches) the sphere’s surface. Thus, for the
diffraction from a specific set of planes to occur, the reciprocal lattice points has to
lay on the surface of Ewald’s sphere.

- 1016

= 0006

1015

= 1014

LARQ004

Figure 3.6. A reciprocal space representation of a [0 0 0 1]-oriented GaN film. The Ewald
sphere is shown as a circle, cutting the 0004 reciprocal lattice spot. The vector S is
perpendicular to the (0004) plane and has a length of 1/dgs. Reciprocal space regions,
where the sample blocks the beam, are inaccessible (shown in grey). Some spots are absent
because they have zero intensity. The large (‘diffractometer’) circle shows the outer limit
which can be reached with S for a given A and maximum 6. Copyright, owned by M. A.
Moram; used by permission [72].

RSMs are typically used to facilitate the interpretation of XRD peak position,
peak broadening or peak overlap. RSM helps to summarize the information about
the interplanar spacing and defect related broadenings.

The peak position is sensitive to epitaxial layer strains, because layer relaxation
is usually accompanied by the layer tilting that results in XRD peak displacement.
Also, the sharp diffraction spots are not common. Usually, the diffraction spots in
reciprocal space are broadened by the microstructural defects, macroscopic size
and shape of the sample (for example wafer bending), and the instrumental
resolution. The spot broadening in reciprocal space can occur due to the different
types of defects: lattice tilt, twist, small-scale strain (microstrains) and
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composition/strain gradients. Microstrains are usually created by dislocations. The
degree of relaxation is defined by the expression 3.2:

R= a(L) —ay(s)

ag(L) = ao(s) G2

Where a(L) and ay(L) are the relaxed and measured in-plane lattice parameters
of the InGaN layer, and ay(S) is the GaN template lattice parameter.

3.2.3 Transmission Electron Microscope

The Transmission electron microscope (TEM) is an instrument, which images a
crystal and measures its properties by registering the transmitted electron beam
(ebeam) [75]. The main feature of TEM is that it can be set to an atomic size
resolution — up to 0.1 nm [76]. The resolution of TEM is limited by the electron de
Broglie wavelength (1) and ebeam aberrations. A depends on the electron
acceleration voltage, as it is demonstrated in the equation 3.3 [77], where h is
Planck’s constant, € is the charge of an electron, mg is the rest mass of an electron,
c is the speed of light and U, is the ebeam accelerating voltage which in our
measurements was 200kV.

h
A= (3.3)

\/eUO (Zmo + %)

TEM operation principles are as follows: the electron gun, that produces an
ebeam, is enclosed in the high vacuum chamber and connects with the specimen
stage and the detector. The ebeam is created by emitting electrons from the heated
cathode and accelerating them towards the anode. In order for the ebeam to

penetrate the sample, the ebeam’s energy has to be in the order of hundreds of keV.
Also the sample has to be relatively thin (5-100nm). Before reaching the sample,
the ebeam is aligned with the electromagnetic (EM) condenser lenses. In addition,
the EM coils are used to scan the ebeam across the sample’s surface area during the
raster TEM scan (STEM) operation. After the ebeam interaction and transmission
through the material, the ebeam passes through the objective and projector EM
lenses and is picked up by the detector. During TEM operation it is possible to
apply different configurations to the specimen probe. Varying the configuration
one can gather different information, such as: electron diffraction, X-ray emission
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or simply specimen imaging. During this work, the FEI Tecnai G2 F20 X-TWIN
instrument was used in STEM operation to acquire the samples’ images.

3.2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is a surface probing technique. It is used to
acquire high-resolution image with nanometer resolution of a surface morphology
and to calculate surface roughness (mean surface height deviation). The principle
of AFM operation is based on a sharp tip’s interaction with the sample’s surface.
The interaction is between neutral atoms or molecules and it can be described using
Lennard-Jones model [78, 79]. This model describes the equilibrium between Van
der Waals attraction between two dipoles and the Pauli repulsion force due to
overlapping electron orbitals. The interaction can be empirically expressed through
the Lennard-Jones potential:

u@r) = U, [(rr—")12 —2 (r—O)G] (3.4)

r

Here r is the distance between two particles; Iy is the distance at which the
potential reaches its minimum; Uy is the depth of the potential well. The positive
aspect of the equation describes the repulsion between two particles and the
negative aspect represents the attraction. The potential is represented in figure 3.7.

UA

e

Figure 3.7. Lennard Jones potential [80].

The tip is attached to the flexible cantilever — see figure 3.8. When the sample is
moved in a lateral direction with respect to the tip, the van der Waals forces
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between the sample surface and the tip bends the cantilever. The angle of the bent
cantilever is measured by the laser beam reflection from the cantilever surface, and
the beam is registered by the sensitive photo-detector. The sample is moved and
scanned in a raster manner. The method is nondestructive and fast, because AFM
can be operated in air and room temperature, and the sample preparation is simple.

The Witec Alpha 300 model was used in AFM research. This type of AFM
operates in contact mode. Contact mode is one of a number of possible AFM
configurations, whose operation is based on the tip dragging over the sample
surface.

Detector

Laser

N

Cantilever

Tip

Figure 3.8. Schematic illustration of AFM measurement process.

3.3 Optical Characterization Techniques

3.3.1 Photoluminescence

The room temperature (RT) PL spectra were measured using lab equipment.
The excitation source was a continuous wave laser diode (405nm) (10mW, 4
W/cm®) and the luminescence was collected with Princeton Instruments Acton
SP2300 spectrometer and analyzed with a Pixis 256 CCD camera.

3.3.2 Temperature Dependent Photoluminescence

The temperature dependent photoluminescence was measured under steady-
state excitation conditions. Measurements were performed in the temperature range
from 8 to 300 K, which was controled by the closed-cycle helium cryostat.
Samples were excited by CW He-Cd laser (4e=325 nm). The luminescence was
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collected by the double monochromator (Jobin Yvon HRD-1) and detected by the
photomultiplier (Hamamatsu).

3.3.3 Spatially-Resolved Photoluminescence

The spatially-resolved photoluminescence (LPL) measurements were conducted
using scanning confocal microscopy. The confocal microscopy has several
advantages over the conventional optical microscopy, whereas the main advantage
is that it gives shallow depth of field and eliminates out of focus emission [81].
Also, by scanning at different focal planes there is a possibility to collect several
optical sections and to create a three dimensional image of the sample.

The configuration of confocal microscope is presented in figure 3.9. The
excitation beam focused with the objective illuminates the small spot at the focal
plane. Using the same objective the luminescence is collected and reflected by the
beam splitter. Finally, the beam is focused to the detector. Before entering the
detector, it passes the small aperture, which eliminates the off-focal plane light that
results in a sharper resolution and improved contrast of the image. The area of
sample that is chosen for measurement is scanned point by point in a raster manner.

Excitation

light source Pinhole

Detector
Objective

Focal plane

Figure 3.9. The schematic representation of the confocal microscope. Copyright, owned by
D. Dobrovolskis; used by permission [82].
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In this work the pPL study was performed with the Witec Alpha 300
microscopy system at the room temperature. Laser diode (4e=405 nm) was used as
an excitation source. Laser beam was focused into a spot of ~300nm in diameter.
Penetration depth was ~2um, thus all QWs were excited. The spectrometer UHTS
300, used to record PL spectra was equipped with a thermo-electrically cooled
CCD camera.
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4 PULSED GROWTH OF InGaN MQWs

The InGaN MQWs were grown on a sapphire substrate using the MOVPE
AIXTRON 3 x 2" closed-coupled showerhead reactor. The sample structure is
presented in figure 4.1. Samples consisted of: GaN buffer layer, AlGaN
superlattice (SL), InGaN SL, InGaN QWs surrounded by GaN QBs and a GaN cap
layer. Trimethylgallium (TMGa), trimethylindium (TMIn), Trimethylaluminum
(TMAI) and ammonia were used as Ga, In, Al and N precursors, respectively. H,
was used as the ambient and carrier gas during the growth of unintentionally doped
GaN (uGaN) layer and AlGaN SL. N, was used as the ambient and carrier gas
during the growth of InGaN SL and InGaN MQW.

GaN cap layer
InGaN MQW
InGaN SL

AlGaN SL
uGaN

VoY oy

Sapphire substrate—

Figure 4.1. The crystal’s layers structure of the sample.

Initially the 2pm uGaN (3 pm for the green set of samples) layer was grown at
1070 °C and 150 mBar reactor pressure. TMGa flow was 1.636 x10™* mol/min and
NH; flow was 2.232x10™" mol/min, with V/III ratio of 1.364x10°. The AlGaN/GaN
SL (further AlGaN SL) was buried inside the uGaN layer. The AlGaN SL is a
periodic structure of thin (~2nm) AlGaN and GaN layers. The use of AlGaN SL
can improve the material characteristics. Wang et. al. have shown, that AlGaN SL
reduces the TD density, which is attributed to the strain relaxation inside SL [83]. It
is usually buried inside the buffer GaN layer after the GaN has coalesced (at ~1.5
um of uGaN). We have previously used different structures of SL and found that
the best results are achieved when 5 periods AlGaN SL are used with a total
thickness of 12.5nm and mean Al concentration in AIN/AlGaN of 25%. The
measured carrier mobility of 3.5 pm uGaN without AIGaN SL was 100 cm*/Vxs
and by incorporation AIGaN SL carrier mobility increased up to 265 cm*/Vxs. The
carrier concentration for uGaN without SL was 1.5x10'® cm™ and with SL carrier
concentration decreased to 5x10' cm™. The AlGaN SL used in our samples was
grown at 1075 °C with the reactor pressure of 150 mBar, TMAI flow was
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5.729x10° mol/min, TMGa flow 2.1x10™ mol/min and NH; flow 4.0x10”* mol/min
with III/V ratio of 1.491x10°.

Further, the buffer layer growth was followed by the growth of InGaN/GaN SL.
The InGaN/GaN SL (further InGaN SL) is a periodic thin layer InGaN and GaN
structure (thickness of one period 1+8 nm) that is used as a lattice mismatch buffer
layer between the underlying uGaN and MQW layer. The InGaN SL can
substantially improve the MQW characteristics, especially for the green MQW
[84], [PMD1]. There have been many debates trying to define the true benefit of
InGaN SL. It was commonly accepted, that the major role of InGaN SL is that it
releases the residual strain in the MQW layer by shifting the lattice constant to the
average value of the MQW region [85, 86]. Jia et. al. reported, that the insertion of
the InGaN SL reduced the strain in InGaN MQW by 12.5% that results in a
polarization field reduction as well as an increase in carrier overlap from 14% to
19% [48]. Also, SL helps to reduce V-pit density. According to Jia et. al. the V-pit
density in InGaN MQWs with insertion of InGaN SL decreased from 4-5 x 10°cm™
to 2-4 x 10’cm™. In addition, InGaN SL is advantageous for the LED structure,
because it can act as an electron reservoir and enhance the electron capture rate in
the InGaN MQW as well as increase the EL up to 3 times [87].

Recent studies have proposed that the major role of InGaN SL is a significant
reduction in the concentration of surface defects (SD) [88]. During the GaN growth
not only dislocations are created, but point defects as well, such as vacancies or
impurities. It is likely that the vacancies create SD, because it tends to diffuse
towards the surface.

Further, point defects tend to segregate at the GaN surface or in the region near
the surface creating a point defect reservoir. Such point defects strongly interact
with In atoms, and are buried in InGaN layer, where they create a NRC [89, 90].

When no InGaN SL or underlayer (UL) is used, the SDs are incorporated into
the InGaN MQW directly, thus hindering the quality of MQW. On the other hand,
if the In containing layer (either InGaN UL or InGaN SL) is inserted before the
MQW, it can significantly reduce the SD concentration inside the MQW. As
mentioned before, InGaN SL has a benefit over the InGaN UL, because it adjust
lattice constant closer to the average lattice constant of InGaN MQWs. Although,
SL is composed of thin layers (few nm), which cannot be grown with all types of
MOVPE reactors. Not all systems are able to address abrupt growth changes which
leaves only one option — to use InGaN UL. Our MOVPE reactor is equipped with a
relatively small close coupled showerhead, which is suitable for the growth of SL.

The GaN/InGaN SL growth temperature for each sample was set depending on
the MQW growth temperature (see table 4.1). Reactor pressure during the InGaN
SL growth was 400 mBar, NH; flow was 2.679x10" mol/min, TMG flow

43



3.191x10™ mol/min, TMIn flow 7.222x10° mol/min, SiH, flow was 2.679x10*
mol/min and the ratio of V/III was 2.572x10%. During the growth of InGaN SL
flow of TMG and NH; were constant, where the TMIn flow was periodically
interrupted to switch between the InGaN and GaN layers. The SL structure
consisted of 8 periods of InGaN and GaN layers with the total SL thickness of 24
nm and In concentration in InGaN layer of 5%. The thickness of each layer had to
be relatively similar, because the growth time for the InGaN layer was 85s and for
the GaN layer 90s.

GaN/InGaN SL was slightly doped with Si. It was shown that SL doping reduce
dislocation density up to 2 times [91]. This effect is associated with a Si induced
dislocation bending. Thus, in-plane stresses are relaxed, which reduce QCSE.

After the last GaN SL layer, the flow of MOs were shot, until the temperature
and sources were adjusted for the growth of InGaN MQWs. Then growth of five
period InGaN MQW was initiated by the growth of first QW.

The GaN/InGaN MQWs doped with Si were grown using a pulsed growth
technique. The pulsed growth for InGaN QW layer was conducted by modulating
the flow of TMIn, TMGa and SiH, precursors into the reactor chamber, while
maintaining the flow of ammonia constant (see figure 4.2) [25]. The MO precursor
pulse duration t; was modulated from 20 to 5s, the pause duration t; from 3 to 20 s,
the number of pulses from 5 to 20. A summary of the pulsed growth parameters is
given in the table 4.1.

The QWs in the two main sets of samples were grown at 780 °C and 800 °C
temperature. Additional two sets of samples were grown at 810 °C and 830 °C.
During the growth of QWs, NH; flow was 2.679x10" mol/min, TMGa flow
3.191x10™ mol/min, TMIn flow 9.028x10° mol/min, SiH, flow was 2.679x10*
mol/min and the ratio of V/IIT was 2.192x10*

4 t, TMIn
ON TMGa
. SiH,
2
OFF >
ON
OFF >

Figure 4.2. Timing of TMIn and TMGa precursors flow during pulse growth.
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Table 4.1. Parameters of the InGaN/GaN MQWs pulse growth.

Sample tl,S tz,S Pulses TQw,OC TQB,OC TSL,OC
Sl(ref) | 80 [ 0 1 800 | 840 | 850

S2 20 | 3 5 800 840 850
S3 201 6 5 800 840 850
S4 201 9 5 800 840 850
S5 20 | 12 5 800 840 850
S6 20 | 15 5 800 840 850
S7(ref)) | 80 1 780 850 860
S8 5 3 20 780 850 860
S9 5 20 780 850 860
S10 5 9 20 780 850 860
S11 5 112 20 780 850 860
S12 5 15 20 780 850 860
S13 10 | 3 10 780 850 860
S14 10 | 6 10 780 850 860
S15 10| 9 10 780 850 860
S16 10 | 12 10 780 850 860

S17 10 | 15 780 850 860

S18 20| 3 780 850 860
S19 20| 6 780 850 860
S20 201 9 780 850 860

s21 |20 12
s22 |20 15
S23(ref) [ 80 | 0

780 850 860
780 850 860
810 850 860

S24 20 | 3 810 850 860
S25 201 6 810 850 860
S26 201 9 810 850 860

27 |20 12
s28 | 20| 15
$29 |20 20
S30(ref.) | 80 | 0

810 850 860
810 850 860
810 850 860
830 870 880

S31 20| 3 830 870 880
S32 20| 6 830 870 880
S33 201 9 830 870 880

s34 |20 12
$35 |20 15
S36(ref) | 80 | 0

830 870 880
830 870 880
790 860 870

HMMMMMHUIUIMMMM—‘UIUIUIUIUIS

Right after the InGaN QW growth ~Inm GaN cap layer was deposited to
prevent In decomposition during the temperature ramp to GaN QB growth
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temperature. During the temperature ramp, crystal growth was terminated by
switching TMGa and SiH, flow off.

Previos studies have shown that MQW efficiency can be slightly enhanced by
Si-doping QWs [92]. The improvement is mainly related with increased crystal
quality of InGaN layer due to reduced compressive stress and defect concentration
as Si atoms can be occupied at the point defects and supress them [93, 94].

QB doping has several advantages as well. First of all, GaN Si-doping leads to
growth mode transition from step-flow to layer-by-layer growth mode. There are
several posible explanations for such behavior, although the most likely is that Si
atoms initiate production of preferential sites for island nucleation between the
steps [95]. A change in the growth mode results in increased abruptness of the
interfaces between the barrier and well, which reduce In-composition fluctuation in
InGaN QW [96]. Also, Si doping in barrier layers create excess electrons, which
enhances the Coulomb screening of QCSE [97].

QBs growth temperature was between 840 °C and 870 °C (see table 4.1).
During the QB growth NH; flow was 2.679%x10™" mol/min, TMGa flow 3.023x107
mol/min, SiH, flow was 2.5% 10”7 mol/min and the ratio of V/III was 8.861x10°.

For comparison, five reference samples (S7, S36, S1, S23, S30) were grown
conventionally without flow interruptions with QW growth temperatures of Tgroutn
=780, 790, 800, 810 and 830 °C respectively. All structures were finished with a
thin (25-30 nm) GaN capping layers on top of the active layers.
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5 STRUCTURAL AND PHYSICAL PROPERTIES
OF PULSED GROWN InGaN MQWs

5.1 Structural Analysis of InGaN/GaN Multiple
Quantum Wells

Initially, PL was measured for all samples, grown by the pulsed mode, to find
the samples with the highest PL intensity for further structural investigation. The
sets of samples grown with the t;=20s pulses possessed highest PL intensity with
the peak position in cyan color region (for the set of samples grown at T gowm=800
°C) and in green color region (for the set of samples grown at Tgowm=780 °C).
Further in this text for simplicity the S1-S6 set of samples will be regarded as
“cyan set” and the set S7, S18-S22 will be regarded as “green set”. Cyan and green
sets were chosen for further structural investigation.

The TEM measurements were made for the samples S7 and S21 from the green
set (figure 5.1). The estimated thickness of the QW and QB for the reference varied
in the range of 1.6+1.7 nm and 6.2+7.9 nm, respectively. The calculated QW
growth speed was 0.021 nm/s. The thickness of the QW grown in the pulsed mode
was 1.8+1.9 nm, which is similar to the thickness of reference QW. The QW
growth speed was 0.019nm/s if only the pulses were considered and the QW
growth speed was 0.012nm/s, if the time of pulses and the pauses were considered.
A slight difference in the QW growth speed can be related to the MO switching
conditions. In general, the growth speed during the pulsed growth is more sensitive
to the growth temperature and pressure, especially when the pauses are longer. A
higher interruption time enhances In and Ga desorption from the InGaN and
decreases the growth speed substantially. The InGaN lattice constant depends on In
concentration and is between 5.1850 A (GaN) and 5.7033 A (InN) [98]. Although a
slight increase in the lattice constant is possible due to the biaxial strain in the
InGaN QWs on GaN. If the growth speed was around 0.02 nm/s, more than 1
crystal monolayer was expected to grow during one t;=20s pulse. Whereas for
t;=10s or t;=5s pulse less than one monolayer was expected to grow during one
cycle.
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Figure 5.1. TEM pictures of: a) S7 reference sample and b) S21 sample grown by the pulse
mode [PMD2].

STEM was measured for all cyan set of samples except for the sample S3 (see
figure 5.2). STEM results for the samples S2 (3s pause) and S4 (9s pause) were
similar, thus for economic reasons TEM was not measured for the sample S3 (6s
pause). One can see in figure 5.2 that MQW and SL structures can be clearly seen
in S2 and S5 samples. The S1, S4 and S6 have lower quality images, although
MQW and SL can still be distinguished. The lower quality of images is not due to a
lower crystal structure quality, but inherent to the measurement itself. The QW and
QB thicknesses were calculated from these measurements and are presented in the
table 5.1. Most noticeable, the QW thicknesses for the cyan set of samples have
almost doubled if compared to the green set. As a result, 2 to 4 monolayers of
InGaN were expected to grow during one t;=20s pulse.

48



Figure 5.2. STEM images of reference (S1) and samples grown in pulsed regime (S2, S4,
S5, S6).

Further, composition of samples was determined by measuring X-ray
diffraction XRD. Figure 5.3 shows the MQWs @ — 20 XRD scan from the (0002)
plane of green samples and figure 5.4 presents the scans of the cyan set of samples.
One can see, that the diffraction peaks, corresponding to the uGaN layer and
InGaN/GaN MQWs are clearly expressed for both set of samples. Also, satellite
peaks are resolved up to the minus fourth order and confirm the well-defined
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Figure 5.3. XRD scan of: a) S7 reference sample and b) S21 sample grown by the pulse
mode [PMD?2].
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interfaces for the structure. By applying layer thicknesses measured with TEM, the
In concentration in the SLs (Xs.) and in the QWs (Xqw) were calculated and
presented in the table 5.1 (In concentration in QWs was later specified by
measuring RSM).

T T M T T T T T T
experiment S1 (ref)
simulation T =800°C

growth

experiment
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Figure 5.4. XRD rocking curves of the S1-S6 samples (a) — e) respectively).

The strains and In concentration in the MQW were evaluated by mapping
reciprocal space (RSM) around the (105) reflection [72]. Figure 5.5 shows RSMs
of pulsed grown and reference samples. One can see, in figure a) that the MQW
peak reflections are shifted along the gy axis from the main GaN peak (dash-dotted
line). It represents the fact, that the InGaN MQW structure on a GaN template is no
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longer coherently strained because it has slightly relaxed to accommodate the
lattice constant difference [99]. As previously noted, lattice relaxation results in a
slight tilt of a crystal as well as RSM peaks’ displacement. The RSM of the sample
S21 shows, that it has no lattice relaxation - the RSM peak of InGaN is vertically
aligned with the GaN peak. Thus, by using pulsed growth technique fully strained
InGaN MQWs were grown.

qy(rvl_u.)

0274 0.276 0.278 0.280 0.282
g (rlu)

qy(r.l.u.)

0.72
0.274 0.276 0.278 0.280 0.282

g (rlu)

Figure 5.5. RSM around the (105) reflection of: a) S7 reference sample and b) S21 sample
grown by the pulse mode. The dashed lines, passing through the GaN template reciprocal
lattice points correspond to the fully strained (R = 0) state and solid lines corresponds to the
fully relaxed (R = 1) state. The dash dotted line, in the image a) corresponds to a partially
relaxed state [PMD?2].

The average MQW lattice constants a and ¢ were calculated by using equation
(5.1) and (5.2) respectively.
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A

x
51
Cmow = 24, (5.2)

Here 4 is wavelength of the X-ray source (0.15406nm), and gy and g, are the
reciprocal lattice points from the (105) reflection of MQW zero order peak. The
relaxed GaN and InN lattice constants and Poisson ratios were: Cgay = 5.1850 A,
acan = 3.1892 A, vgan = 0.2 and Cjpy = 5.7033 A, ayw = 3.5378 A, vy = 0.29
respectively.

The In concentrations, measured from the RSM mappings in the samples S7 and
S21 were 27% and 20% respectively. The higher In concentration in the
conventionally grown QWs (S7) compared to the pulsed grown sample (S21), may
be related to the gradual strain relaxation through the defect formation, that
facilitated In incorporation [100, 101]. On the other hand, lower In concentration in
pulsed grown sample may be associated with the increased desorption of In during
the MO flow interruption, which was presented in the previous studies of InGaN
without cap layer annealing [102, 103].

Next, RSM was measured for the cyan set. RSM images of S1, S4 and S5
samples are presented in figure 5.6. It can be observed, that all samples were fully
or almost fully strained - RSM reflections are aligned on the vertical R=0 line. In
concentration values calculated in cyan QWs are presented in the 5.1 table. One
can see, that with the growth temperature increase as for the cyan set of samples,
the difference between In concentration of the samples decrease. Thus, the MQW
In concentration sensitivity to the pulsed growth technique increases only, when
the growth temperature is reduced.

Table 5.1. Layer thicknesses and In concentration in the reference and pulsed grown
samples.

Sample | S1 S2 S4 S5 S6 S7 S21
Aeap, NM | 28 28 28 28.5 28.5 345 35
dos, NM | 6.6 6.7 7.2 6.7 6.8 7.4 7.4
dow, Nm | 3.8 4.1 3.8 4.1 4.1 1.6 1.8
dingansL, Nm | 1.8 1.8 1.85 1.85 1.85 1.8 1.8
deansL, M | 1.5 1.55 1.5 1.6 1.6 1.6 1.6
In Xow | 10.5%  105%  9.5% 10.0%  9.0% 27% 20%
In XsL | 5% 5% 4% 4% 4% 4% 4%
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Figure 5.6. RSM around the (105) reflection of: S1 reference sample, S4 and S5 samples.
The vertical lines, passing through the GaN template reciprocal lattice points correspond to
the fully strained (R = 0) state and the inclined lines correspond to the fully relaxed (R = 1)
state.
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Further, AFM images were measured. Surface roughness and V-pit densities
were evaluated from these measurements. AFM images of conventionally and
pulsed grown samples of the green and cyan sets are presented in figures 5.7 and
5.8 respectively. The area root-mean-square (RMS) roughness was calculated and

S7 (ref.) ‘ 20 nm

0nm

Figure 5.7. AFM images of green set reference (S7) and pulsed grown sample (S21). Dark
color pits are regarded as V-shaped defects, bright spots contoured in black — as trench
defects. The scan area is 6 X 6 um2 [PMD?2].

Figure 5.8. AFM images of cyan set reference (S1) and pulsed grown samples (S2-S6).
Dark color pits are regarded as V-shaped defects, bright spots contoured in black — as
trench defects. The scan area is 6 x 6 pm®.
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is presented in the table 5.2. The RMS of the S21 sample is lower than the
reference S7 (3.0 and 2.2 nm respectively). The reduced surface roughness for the
sample grown with interruptions can be associated to the prolonged In and Ga
atoms surface migration due to the longer growth time. Also the increased V/III
ratio may benefit the surface quality as interruptions provide extra time for the
surface nitridization. Longer time for reactant atom migration and higher amount of
nitrogen suppress any kind of metal clusterization in either lateral or vertical
direction and improves layer-by-layer growth mode [104, 105].

On the other hand, surface roughness calculated for the cyan set slightly
increases for the pulsed grown samples, comparing with the reference. Although,
there is no clear tendency, on how the pulse duration may influence the values of
the surface roughness.

Despite the type of MQW growth, high density of V-pits (7 - 9x10™* cm %) were
observed for the green set. The formation of V-pits begins at the threading
dislocations. When In is introduced at the beginning of InGaN layer growth, In
segregate around the cores of the threading dislocations. In atoms that are trapped
and segregated around the core of a threading dislocation act as a mask, which
hinders the Ga atom migration resulting in an opening of a pit. However, the
enhancement of atom mobility and reduction of In segregation by using the pulsed
growth technique is not sufficient to suppress the V-pit or the trench defect
formation in the InGaN MQWs. Still, there is no clear evidence on how pulsed
growth influence the V-pit formation.

The V-pit densities calculated for the cyan set of pulsed grown samples were
slightly higher than for the green set of samples. The V-pit densities are: 8.5x10°
cm’ in the reference S1 and slightly increases to 1.3x10° cm™ and 1.6x10° cm™ in
the samples S2 and S6. The fact, that cyan set was grown at a higher temperature,
which in accordance with the interruptions probably promoted material desorption
and threading dislocation opening into the V-pits that resulted in a higher total V-
pit density.

The trench defect densities were evaluated as well. The trench defect density was
very similar for all the studied samples and ranged from 1x107 to 2.4x10” cm?,
showing no clear correlation with the growth interruption length.

Table 5.2. AFM measured surface roughness of the references (S1 and S7) and pulsed
grown samples (S2-S6, S21).

Sample [ S1 S2 S3 S4 S5 S6 S7 S21
Surface average roughness (nm) | 1.4 2.1 1.7 1.7 23 21 30 22
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To conclude, in structural analysis we have found that QW thicknesses as well
as In concentration between the same set of samples were similar: the thickness
variation was 0.2 nm, and the In concentration variation was £0.5%. On the other
hand, In concentration in pulsed green QWs grown at lower T have reduced from
27% to 20% when compared with the reference. The In concentration in cyan QWs
grown at higher T was similar for all samples ~10%. Thus, In concentration
sensitivity to pulsed growth technique increases as the growth temperature
decreases. Second, pulsed QWs grown at lower temperature were fully strained,
while the reference QWs were relaxed. All samples grown at higher temperature
were fully strained. Finally, we have not found a clear tendency for how the pulsed
growth technique influences surface roughness and V-pit density.

5.2 Optical Properties of InGaN MQWs

The PL was measured and studied for all samples. The influence on PL by the
growth temperature and MO pulse and pause duration (t; and t;) was analyzed.
Figure 5.9 a) presents the room temperature PL (RTPL) spectra of green set of
samples S19, S21 and S22 grown at 780 °C with t; = 20s pulses, with different
pause durations and compared to the reference sample S7 grown conventionally
without interruptions (figure 5.9 b) presents conventionally grown samples at
different temperatures. By increasing the pause duration to t,=12s for the sample
S21 the PL intensity more than doubled, compared with the reference S7. The PL
intensity increase indicates the decreasing contribution of nonradiative
recombination due to either a reduction of the density of NRCs or the existence of
a more favorable localizing potential — such as the increased total area of
localization [PMD?2]. With further increases in pause duration to t,=15s, the PL
spectra declines. This can also be seen in the normalized integrated PL intensity
dependence on pause duration for the t;=20s pulse duration samples in figure 5.10
a), where the PL peak intensity increases only until the pause duration reach t, =
12s and subsequently decreases. In addition, increasing the pause duration results
in a slight blueshift of a few nm (5.10 b) t;=20s graph). If we only relate the PL
increase to localization profile, it turns out that growth with interruptions increase
the density of carrier localization centers. Although, it is still not clear what is the
impact of pulsed growth on NRC and how it changes as the pause duration is
increased. Also, minor influence is expected due to absorption spectra difference
between the samples, which we have not measured.
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Figure 5.9. a) RTPL of conventionally and pulsed grown MQWS; b) RTPL of
conventionally grown MQWs S7, S36 and S1 at 780 °C, 790 °C and 800 °C respectively
[PMD2].

The degree of localization depends on FWHM. Higher fluctuation of
localization results in a broader FWHM, while the narrower FWHMs accounts for
a more homogenous distribution of the localization centers. The measured FWHM
(figure 5.10 c)) of the pulsed grown samples has a general tendency to decrease
when the pause duration is increased, which signifies an improvement of the QWs.
However FWHM of t;=20s from t,=0s to t,=6s increases sharply and with further
increases in the pause duration FWHM decreases to the reference value.

The broad PL spectra at the short pause duration implies the increases in
fluctuations of localizing potential, which may be caused by the reduction of In in
defected areas, which due to the short pause duration forms uneven In
concentration clusters. In atoms do not have sufficient time on a surface to migrate
to the surface regions where they could create stable bonds — such as at layer step
edges.

The influence of pulse duration on PL characteristics for t;=10s pulses (S13 -
S17) and t;=5s pulses (S8-S12) were also studied. The integrated PL intensity for
the samples with t;=10s (figure 5.10 a)) increases with the increasing pause
duration, although the peak value is lower and it is reached at a shorter pause of
t, = 9s. The peak of integrated PL intensity is even lower for the samples, grown
with t;=5s pulses. The peak value is reached when t, = 3s, while further increases
in pause duration result in a decrease of integrated PL intensity below the reference
value. Thus, in the case of t;=5s pulses, the amount of reactants transported to the
substrate within a shorter time is lower and the adlayer is more vulnerable to the
interruptions, even though the total time of growth is the same. Atomic indium has
less time during one pulse to be incorporated from the adlayer to the crystal
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structure, which makes it easier for In to desorb during the growth interruption.
Thus, the average concentration of In decreases. As a result, carrier localization
drops and the PL peak blueshifts. At a pause duration of t,=15s the PL peak
position shifts by ~35 nm for the sample t;=10s and by ~75 nm for the sample
t;=5s. On the other hand, the change in FWHM is negligible and nearly unchanged
for t;=10s and t;=5s samples - FWHM slightly decreases with the pause increase.
The minor influence on FWHM by the pulse time reduction from t;=10s and t;=5s
as well as increase in pause duration reveals that the degree of carrier localization
has a threshold at a certain pulse duration length, after which, the change of carrier
localization degree is minor. It is believed that growth with interruptions acts as a
multiple annealing process, during which In desorption is elevated, especially from
the In-rich clusters around the defect which decreased In segregation and new
defect creation [106]. The lack of FWHM change between the shorter pulses even
as the pause duration is increased indicates a lack of In-rich clusters and random
distribution of In. Also, when the pulses are too short, or the pauses are too long
the In concentration in InGaN QWs becomes too low for longer wavelength
emission, while the carrier localization decrease reduces the PL intensity.

PL intensity can be simply increased by growing QWs at higher temperatures

[107]. As an example, we grew conventionally three InGaN MQW samples at
different temperatures: 780 °C, 790 °C, 800 °C (S7, S36, S1 respectively). The
room temperature PL spectra was measured for all samples and presented in figure
5.9 b). The measurements were taken during the same approach as the PL spectra
of pulsed grown samples presented in figure 5.9 a). Also, to highlight the
differences between the spectra, the scales of 5.9 a) and 5.9 b) were unified.
As expected, the PL intensity, as well as, the blueshift increased when the QW
growth temperature was increased. This tendency is the same, as the one, observed
for the pulsed grown QWs at lower temperatures, although with a lower PL
intensity increase. As a result, to enhance the MQW PL, pulsed growth technique
can be used instead of using a higher QW growth temperature. By using pulsed
growth, the PL peak intensity enhanced more than 2 times with a blueshift of ~8
nm. By growing QWSs conventionally, and at 10 °C higher growth temperature
(790 °C), the PL peak resulted in a similar blueshift ~9nm, although the PL
intensity increased only 1.2 times or 12% of the PL intensity increase in the pulsed
grown sample. In other words, the PL intensity increase in pulsed grown QWs is 7
times higher than the increase in conventionally grown QWs at higher growth
temperature with the same PL peak blue-shift. Thus, pulsed growth technique is a
superior PL intensity enhancing technique compared with the conventional QW
growth technique at higher temperatures.
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Figure 5.10. The PL measurement results for different growth pause and pulse durations
from top to bottom: normalized PL amplitude, PL peak position and FWHM. Black, green
and red symbols corresponds to samples grown with 20s (S18+S22), 10s (S13+S17) and 5s
(S8+S12) pulse durations. Reference sample - S7 [PMD?2]. Lines are used as an eye-guides.

The temperature increase on the pulsed grown QWs was tested as well. Figure
5.11 presents PL results for the t;=20s sets of samples grown at 780 °C (S7,
S18+S22), 810 °C (S23+29) and 830 °C (S30+S35) temperatures with different
pause durations. Highest PL intensity reduced almost twice when the growth
temperature was raised from 780 °C to 810 °C (figure 5.11 a)). Further increase in
QW growth temperature resulted in even lower PL amplitude, which was reached
at t,=3s, and almost didn’t change with the pause increase to 12s. The QW growth
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at higher temperature has the similar effect on PL characteristics as in the case,
when the growth pulse duration is reduced.

The PL peak position shown in Figure 5.11 b) blueshifted as the growth
temperature was increased and blueshifted even more when the pause duration was
increased. As the growth temperature is increased, the thickness of QW is expected
to increase, resulting in lower effective bandgap. The QCSE has a stronger effect
on the thicker QWs as well, which further reduces effective bandgap. On the other
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Figure 5.11. Normalized PL amplitude, PL peak position and FWHM dependences on the
growth pause duration for three different QW growth temperatures: 780 °C (S7, S18+S22),
810 °C (S23+29) and 830 °C (S30+S35).
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hand, as the growth temperature increases, QW In concentration decreases,
resulting in the bandgap increase. The latter effect is usually stronger than the
former two resulting in a PL peak blueshift as the QW growth temperature is
increased.

Although, for the samples grown at 810 °C, the application of a pulsed growth
technique (t,=3s) redshifted the PL peak position by ~10nm from ~480 nm as
compared to the reference. With further pause increases to t;=15s the peak position
fluctuated around 490nm. Increasing the pause duration to t,=20s blueshifted the
PL peak. The higher QW growth temperature and pulsed growth technique has a
positive more pronounced effect on reducing In segregation. Even though, some
portion of In is etched during the interruptions and that amount of desorbed In
increases with the pause duration increase, there still exist enough higher In
concentration clusters, that act as an additional source of In. In decomposes from
those clusters, migrates and compensates the desorbed In. Only when the pause is
increased to t,=20s the sources drain out and desorbed In is no longer fully
compensated, which results in a decrease of carrier localization and a drop of PL.

The influence of higher growth temperature on FWHM is also very similar to
reduced growth pulse duration — the values of FWHM of samples grown at 830 °C
are barely below the values of the samples grown at 810 °C. For both sets of pulsed
grown samples FWHM slightly decreases with the increase in pause duration. On
the one hand, this proves, that there are fewer higher In concentration clusters that
act as deep localization areas and contribute to the peak broadening. As a result,
increasing growth pause duration should reduce total In concentration and result in
a decrease of FWHM and a blueshift of the PL peak position. Contrary to such
prediction, lack of FHWM change and the peak position initial redshift as the
growth pause increase, for the set of samples, grown at 810 °C brings us to
conclude that there must be some sort of In reservoirs acting as an In source and
compensating desorbed In. There has to exist In clusters, or higher In concentration
regions that initially do not contribute to the radiative emission — likely due to the
vicinity of NRC. As the growth interruption increases, desorption takes place, and
the adsorbed In can feed the regions, which contribute to radiative localization
centers.

Further, the RTPL was measured for the cyan set of samples and presented in
figure 5.12. The spectra were measured using low excitation (P~4W/cm?), as to get
the highest signal from the deeper states in localized areas. The observed PL
oscillations are due to Fabry-Perot interference.
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Further, from figure 5.12 we extracted spectra parameters: normalized
integrated PL intensity, PL peak position and FWHM which are presented in figure
5.13. The cyan spectra had similar tendencies as the ones observed in a green set of
samples analyzed before: the increase in growth interruptions resulted in a PL
intensity increase up to 2 times (sample S4) and a blueshift of up to 11nm (sample
S6). The FWHM increased from 151 meV (reference S1) to 166 meV in sample S2
and remained similar with further increases in pause duration. The different
tendencies between PL results of the green and cyan set of samples is hypothesized
to be related to the crystal quality. As the growth temperature increases, a decrease
in defect density is expected, as well as modification in the localizing profile. As
part of our research we did not investigate localizing profile changes of the pulsed
grown samples, as the growth temperature changed. Thus, it is difficult to compare
the two sets of samples.
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Figure 5.12. PL spectra of cyan set of samples (S1+S6). PL measured under excitation
power density of 4 W/cm® at room temperature.
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However, we were able to analyze the carrier behavior properties of the cyan set
of samples and relate them to the changes seen in the PL spectra. The carrier
dynamics of our cyan set of samples were reported in a colleague’s, Dr. K. Nomeika,
thesis and are summarized here as they give additional insight into our work [108].
The IQE was calculated as an exact ratio between the emitted and absorbed photons
for all samples (figure 5.14). The IQE enhances by ~7% if a pulsed growth technique
is used (see sample S6, 15s pause and reference S1). This shows that the pulsed
growth technique has a positive impact on IQE. However, if the pause duration is
increased up to 6s from the reference sample (S1), the IQE drops significantly to
13%. Such behavior is suggestive of an increase in the defect density. We
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hypothesize that this is because the pause duration is too short for In atoms to find
the most energetically favorable sites to create stable bonds — such as at crystal step
edges. Instead, due to insufficient In migration there is a higher likelihood to create
defect areas and increase the carrier non-radiative recombination.

Further, by measuring excitation dependent carrier lifetimes they found a
recombination rate (R) dependence on the carrier concentration (Nn)
R=An+Bn*+Cn’. The A, B, C constants are Shockley-Read-Hall (SRH), radiative
and Auger coefficients respectively. The SRH is a non-radiative carrier
recombination through defect states and Auger is a non-radiative recombination
due to the energy transfer to the third carrier. A, B, C constants were calculated and
presented in figure 5.15. Here one can see that as the pause duration increases up to
6s the A increases, which indicates an increase in defect concentration. Also,
radiative recombination (B) decreases, likely because a part of the localizing states
become defective states. Thus, both an increase in defect concentration and a
decrease in radiative recombination together lead to a drop in the IQE. With further
pause increases to 9s and 15s A drops almost to its reference value and B increases
~ three times, which indicates an improvement in the crystal structural quality. At
the 12s pause duration the IQE decreases by 7% again. The drop in B must account
for such change due to the fact that A increases slightly, whereas C drops by half.
Thus, the drop in IQE of 7% below the reference (S1) must be related to a change
in the localizing potential. As the pause duration increases, the constant C, has an
unclear tendency to change. Thus, its influence on the IQE remains unclear.

It is clear, that the improvement of IQE is primarily related to an increase in the
carrier localization. For this reason we further analyzed how the change in pause
duration influences the carrier localization in chapter 6.

To conclude, the pulsed growth of InGaN QWs is influenced by pause duration,
temperature, and pulse duration. By increasing the growth pause, the PL intensity
increases up to its maximum value, the PL peak blue-shifts and the FWHM
increases. However, if the pulse growth technique is used at higher temperatures,
the FWHM increases, but does not further change with increases in pause duration.
Additionally, at higher temperatures the positive impact of the pulsed growth
technique for PL intensity enhancement decreases. When shorter pulses are used,
the pauses must be shorter as well to reach the highest PL intensity enhancement.
And as the pulse duration decreases the peak position blueshifts significantly while
the FWHM decreases.

Ultimately, the increase in PL intensity for the pulsed grown samples with
longer pause durations (>6s) is related to the increase in IQE due to a
transformation in the carrier localizing profile.
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and Auger (C) recombination coefficients’ dependence on pause duration calculated for the
cyan set of samples (S1+S6) [108].
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6 LOCALIZATION ISSUES AND DEFECTS IN InGaN MQW

6.1 Carrier Localization Profile of InGaN Multiple
Quantum Wells

Further, we analyzed the correlation between the growth interruption and In
segregation in the InGaN QWs from the cyan set of sample (S1 + S6). The
influence of the growth interruption length on the emission properties in InGaN
MQWs is studied by using temperature-dependent PL (TDPL) and spatially-
resolved PL spectroscopy (LPL). The correlation between the growth interruption
length and the PL band parameters are analyzed on macro- and micro-scales and
attributed to the variations of localizing potential [PMD?3].

The carrier localization conditions of the InGaN/GaN MQWs were estimated by
using the PL band peak position dependence on the measurement temperature.
Figure 6.1 presents multiple spectra of S1 reference and S2 acquired at different
temperatures from 8K to 300K. The PL intensity drops as the temperature of
measurement increases. It is known that when the temperature is 8K or below the
majority of carriers are localized and due to the lack of energy are unable to
delocalize and migrate to NRC. Thus at 8K internal quantum efficiency is close to
100%. By comparing PL intensity at room temperature and at 8K it is possible to
evaluate MQW internal quantum efficiency. Figure 6.2 presents the PL intensity of
cyan set dependence on measurement temperature that was normalized to PL
intensity at 8K.

Further, by using the data presented in figure 6.2, the internal quantum
efficiency was calculated (figure 6.3). It can be clearly seen, that IQE increases as
the growth pause duration is increased. Still, values of IQE are much lower if
compared with the values calculated from the carrier dynamic measurements
(Figure 5.14), which may be due to the specifics of each method. Here the highest
increase in IQE is in the sample S4 (9s) — the same tendency as was previously
observed.
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Figure 6.1. Multiple spectra acquired at different temperatures from 8K to 300K of: a) S1
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Next, the PL spectra peak shift’s dependence on PL measurement temperature
was calculated and is presented in figure 6.4. The peak position shift was
calculated with respect to the peak position at 8K. One can see in figure 6.4 that all
samples exhibit three regions: redshift/blueshift/redshift - an S-shape tendency with
temperature increases. Such S-shape tendencies that are typical for the III-N
ternary compounds are usually attributed to the carrier hopping through localized
states [109]. At low temperatures (0+10K) carriers are randomly distributed in the
potential minima. With the initial temperature increase (10+70K) carriers still don’t
have sufficient thermal energy to overcome the localization potential so they
redistribute by relaxing down to the lower energy level states, which results in
reduced higher energy emission. By further increasing the temperature (70+160 K)
more carriers have sufficient thermal energy to delocalize and occupy higher
energy level states, resulting in a peak blueshift. At (160+300 K) the temperature-
induced bandgap shrinkage becomes a dominating process causing the peak
position to redshift again [110, 111]. Figure 6.4 summarizes the influence of
growth interruption time on the S-shapes. The S-shapes slightly change when the
growth interruption time is increased - the initial redshift becomes larger, while the
peak blue shift decreases. The temperatures, at which the redshift-blueshift and
blueshift-redshift turning points occur, are nearly constant for all samples, except
for the sample S1, which exhibits its turning points at slightly lower temperatures.

The blueshift-redshift region of the S-shape can be approximated by the use of
quantitative modeling linking it to the local potential fluctuations. At
nondegenerate carrier occupation, the temperature dependence of the PL peak
position can be expressed by the Eliseev modified Varshni equation (6.1).

2 0.2

Epeak (1) = Eg 0) - ﬁa? - kB_T (6.1)

Here, E4(0) is the band gap at T = 0, a and S are the Varshni coefficients for the
band gap reduction with increasing temperature and o is the standard deviation of
the Gaussian distribution, which depends on the band gap fluctuations either
because of the random In content and/or QW width fluctuations

The 6.1 equation was used to approximate the S-shapes of the samples S1, S3
and S5 (solid lines in figure 6.4). The o and S values were interpolated between
GaN and InN values [112, 113] and were 0.85 meV/K and 800 K respectively. The
blueshift/redshift transition temperatures for the S3 and S5 are nearly the same and
the estimated o values were similar and equal to ~28 meV. Although, the
blueshift/redshift change of the S1 occurred at slightly lower transition temperature
and the estimated o value was lower (~ 25 meV).

68



0 T I — . N
S2

E—‘ —vy—S4 ]

= —+—385 ]

& —a—S6 1

= ]

= ]

o

.2

.é : o ]

a. r \

= [ LW

o -30 - M e

= - e \':
40 F | L g 1_'

PRI B S PR | PRI |
0 50 100 150 200 250 300

Temperature (K)
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MQWs. Solid lines show the approximation by the Varshni equation [PMD3].

The room temperature PL measurements of the cyan set show that by
introducing pulsed growth, localized states distribute in a slightly wider energy
range (Figure 5.13 c) ). On the other hand, the FWHM as well as ¢ values have a
low wvariation between the samples with different interruption times, which
indicates that the influence of growth interruption time duration for the
aforementioned values is negligible. Nonetheless, the initial red shift value
increases, as the pauses are increased, which points to the certain transformation of
the localization profile. Initial low temperature redshift occurs due to the thermally
activated carrier redistribution to the lower energy localization centers. Thus, a
larger initial redshift suggests the existence of a higher density of deep localized
states. The lower s-shape blueshift demonstrate that there exists a higher density of
deeper states and lower density of shallow states.

On the other hand, room temperature PL peak blueshift with the interruption
time increase implies that there exists a larger population of higher energy
localized states comparing with the reference. This lead us to conclude that the
pulsed growth increases the density of deep localized states, while the energy
difference between the deep states and mobility edge — decreases.
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6.2 Spatial Distribution of Localizing Potential
of InGaN Multiple Quantum Wells

pLPL was measured to gain insight into the properties of the localizing potential
and how it changes with the growth interruption time increase. Figure 6.5 presents
the wPL mapping of 60x60 um” and 10x10 um’ intensity distribution. pPL was
measured using 405nm low excitation (~0.3uW, ~420 W/cm®) source. As can be
seen in figure 6.5, the PL is emitted not homogenously but rather from the higher
intensity spots that are dispersed on the lower intensity background.

Next, the pPL spectra were averaged over 10x10 pm” and 60x60 um? areas and
presented in figure 6.6. Data extracted from all of the samples pPL measurements
were statistically averaged and are listed in table 6.1.

The differences in the 6.6 figure between the spectra intensities can be noticed.
In figure 6.6 a) the highest PL intensity is emitted from the S2 sample, while in the
macro PL measurements (Figure 5.12 a)) PL intensity of S2 sample was slightly
higher than the intensity of the reference S1. The differences become even more
surprising in the 60x60 pm® area pPL measurements (figure 6.6 b)). One can
notice, that the intensity of the reference S1 is almost as high as the highest peaks
from the pulsed grown samples. While the sample S5, which was noted to have
twice the increased macro PL intensity here possesses the lowest intensity — almost
30% lower than the reference S1. This leads us to the conclusion, that the emission
from the surface area is not homogenous throughout the whole sample. Although
the PL peak positions of different samples remain almost the same regardless of the
area, from which the spectra was collected. Thus, observed differences between
intensities must be related only to the localization area distribution, but not to the
difference in the localization profile itself.

To better understand the uPL, spatial distribution of S2 sample’s uPL intensity
was compared to the peak position distribution and presented in figure 6.7 a) and
b). One can see in figure 6.7 a) that the distribution of PL intensity is
inhomogeneous and composed of the higher emission intensity areas on a
background of lower emission intensity. The spatial variation S — the standard
deviation divided by the mean value was calculated for the PL intensity and peak
positions. The spatial variation of PL intensity was almost the same for all of the
samples ~0.47. The peak positions’ distribution varied, although with rather small
spatial variations from 3 to 4 nm (16 to 20 meV).
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Figure 6.6. Room temperature uPL spectra of S1-S6 samples acquired from: a) 10x10 pm?
and b) 60x60 um? areas.

Random pPL dot spectra taken from darker and brighter areas are shown in figure
6.7 ¢). The detailed analysis of the single-pixel PL spectra revealed that some pixels
(size of 50x50 nm®), especially those that have higher intensity have a high increase
in FWHM due to the emergence of a significantly red-shifted peak at ~510nm.
While, the main spectra from the background was at ~480nm. Double peak
characteristics can be seen in figure 6.7 for the B, E and A spectra. If the intensity of
the red-shifted peak is high enough (curves E and A), it results in a strong redshift of
the overall PL spectrum. Tao et. al. suggested, that such broad PL spectra having
characteristics of double peaks can be assigned to the luminescence from the spots in
vicinity of the V-pits [114]. The high In content regions that form ring-shaped quasi
potential traps exist around the V-pits in InGaN epi-layers. These quasi potential
traps can attract carriers and suppress non-radiative recombination. The long
wavelength peaks are assigned to the emission from the spontaneously formed In-
rich regions around the V-pits. While the short wavelength peaks are due to the
emission from the V-pits [115]. The MQW on the side of the V-pits walls are thinner
than the rest of the MQW, and due to the increased quantum confinement bandgap
increases, resulting in a spectral blueshift. In addition to that, emission in the vicinity
of trench defects and especially from the surrounded regions by the trench defects
accounts for the blueshifted PL band with higher intensity [39]. The blue shift occurs
mainly due to the InGaN strain relaxation and reduction of QCSE effect.

As it was mentioned in the chapter 5.1, V-pit densities for the cyan set of
samples were in the range between 8.5x10° cm™ and 1.6x10° cm™ with no clear
correlation as the pauses of the pulsed growth increased.
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Figure 6.7. pPL measurements of sample S2: a) spatial distribution in 10x10 pm? area of
spectrally-integrated PL intensity, b) PL peak wavelength spatial distribution, and c) several
PL spectra taken from indicated spots [PMD?3].

The total defect density can be resolved not only from AFM measurements, but
from the uPL measurements as well. As noted previously, the spots in the vicinity
of the V-pits tend to account for a strong peak redshift. The typical V-pit diameter
is ~80 nm and the spatial resolution of confocal PL measurements is ~250 nm, due
to the blur effect, strong redshift significantly increases the individual pixel band-
width (more than 1.5 standard deviation S of the band-width). Thus, the
approximate V-pit density can be measured by calculating the individual pixels that
have FWHM of more than 1.5 standard deviations S of band width distribution.
Although, lower resolution (than the one requeired to distiguish individual V-pits)
effectively reduces the resolved V-pit density up to an order of magnitude.

As an example, the spatial distribution of the PL bandwidth collected from the
sample S2 is presented in figure 6.8. Here the individual pixels having a band-
width of more than 1.5 standard deviations S of FWHM are marked with black
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masks. Such masks were applied for other samples as well by calculating
individual pixels with a band-width of more than 1.5 standard deviations S of a
particular sample’s FWHM and presented in figure 6.9 as the yellow regions.

i* B , .o 160 meV

‘ ‘105 meV
9

-

e 'R

Figure 6.8. Spatial distribution of PL bandwidth within an area of 10x10 pm’ of
InGaN/GaN MQWs sample S2. The PL band width in marked pixels is above average by at
least 1.5s, where S is the standard deviation of band width distribution [PMD3].

S1 (ref)

Figure 6.9. uPL images of V-pits and trench defects for the set of samples S1+S6. Yellow
masks represent selected pixels from pPL band-width images that were above average
band-width by at least 1.5s, where S is the standard deviation of band width distribution.
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The total resolvable defect density from pPL bandwidth distribution in the S1
sample was 1x10* cm™, and (1.5-1.7)x10® cm™ in other samples. It was found that
such pixels take only ~3-4% of the total area and they do not considerably affect
mean values of the spatially integrated PL band.

Trench defects are the other type of defects that could potentially influence the
PL spectra outcomes. As for the V-pits, the vicinity of trench defects manifests
themselves with the PL redshift and higher intensity spectra. Also, the diameter of
trench defects is in the range of hundreds of nm, thus it can be distinguished from
the pPL measurements more easily by counting only the “trench” like regions. As
mentioned in chapter 5.1, the trench defect density change showed no clear
tendency, as the growth interruptions increased. The lack of considerable
correlation between the growth interruption time and the defect densities are not
sufficient to evaluate the pulsed growth influence on NRCs. Also, the area that was
covered by the trench defects was less than 2%.

A significant portion of the remaining area was covered by the pixels with
relatively large FWHM ranging between 110 to 125 meV. The large FWHM from
such individual pixels suggests the existence of the double-scaled potential
profile — the existence of large and small scale inhomogeneities. The large areas in
the size range of hundreds of nm manifest the peak wavelength variations. The
small areas in the size range of a few nm that are the part of the large areas are
revealed through the inhomogeneous broadening of the local PL spectra. These
observations demonstrate the presence of a double-scaled potential profile - band-
gap fluctuations due to different average indium content within the In-rich regions,
which is usually observed in InGaN/GaN MQW structures [116, 117].

To understand the carrier localization properties we calculated PL intensity and
the count of spots (WPL individual pixels) with certain PL parameters for the cyan
set of samples that were depicted in figure 6.10. The influence of growth
interruptions to deep localized states was analyzed, by choosing spectra from pixels
having peak positions higher than the standard peak position deviation. The
average peak positions from deep localized states were calculated and presented for
each sample in figure 6.10 with red arrows. Blue arrows point to the position of the
average overall PL peak position.

Reference S1 has a wide distribution of high intensity pixels throughout the
spectra with a low count number. On the other hand, the highest count number was
noted in the shorter wavelength pixels having lower intensity. The average PL peak
position of S1 is 487 nm, in the mid where the highest number of pixels was
counted. There are a lot of pixels with a high intensity, but a low count number
distributed in a wide range on the longer wavelength side. Although, it doesn’t
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seem, that these discrete pixels have a high impact on the average peak position.
Spectra is mostly governed by the high number of counts.
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Figure 6.10. Intensity and count distribution throughout the spectrum. Blue arrows shows
peak position mean values, red arrows - average peak position in deep localized states —
with a peak positions of more than a standard deviation.
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None the less, as previously discussed, it is expected that a pulsed growth
technique increases the density of deep localization centers. However, the region,
having a higher pixel count density (>100) ranges more than the standard peak
position deviation. As the growth interruption increases, deep localization centers
become distributed more homogeneously — region of high count pixels above the
standard peak position deviation shrinks and number of individual high intensity
redshifted pixels decreases. Finally, the difference between the average peak
position of deep localization and overall average peak position decreases (from
16.4 to 4.7 nm in reference S1 and S5 respectively) consistently with the PL band
blue shift.

Further, the data from pPL measurements was used to calculate Pearson
correlation coefficient (PCC) p between the PL peak position and PL intensity for
the cyan set of samples (see figure 6.11). The p can have values between +1 and -1,
where p =1 means the total positive linear correlation, p =0 means, that there is no
linear correlation and p =-1 means that the linear correlation is totally negative
[118]. The correlation between the PL peak position and PL intensity was positive
and PCC was in the range of ~ (0.2+0.7). The PCC had a trend to decrease with the
growth interruption time increases. The correlation between the PL peak position
and PL intensity is usually positive for the InGaN materials and is caused by the
lower probability of carriers, localized in deeper energy levels to reach NRCs and a
higher probability for those carriers to recombine radiatively at longer wavelengths
[119]. Decreasing PCC signify, that the density of NRC is lower - carriers localized
at shallower energy levels maintain a lower probability to reach NRC, which
results in a higher PL intensity at longer wavelength. As a result, the peak position
blueshifts and the FWHM increases.
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Figure 6.11. Peak wavelength-to-peak intensity Pearson’s correlation coefficient calculated
from the 10x10 pm? pPL scans with ~18.4kW/cm® power density excitation for the samples
S1+S6.
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In figure 6.10 we have observed, that the PL spectra is most likely governed by
the highest pixel number which was centered at the average PL peak position.
Thus, it is most likely that the carriers will localize in this range. However, the
pulsed growth technique primarily had an influence on the deep localized states.

494 nm

Figure 6.12. pPL spectral mappings of 10x10 pm? areas from the samples S1-S6 and the
deep localization regions — redshifted more than the standard deviation from the average
peak position (below each pPL mapping).
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To study the effect of the growth interruption time on the deep localized states,
we selected the pPL pixels (areas) from the pPL spectral images of cyan samples
with the peak positions higher than the standard deviation from the average PL
peak value. Figure 6.12 presents the pPL spectral images of cyan samples with the
peak position of £5nm from average uPL peak position for each sample. Bellow
each image, the spatial distributions of selected areas are presented.

Table 6.1. The data of the InGaN MQW growth conditions and pPL measurements
calculated from 10x10 pm?* pPL scans.

Sample | S1 S2 S3 S4 S5 S6
Growth interruption length (s) | 0 3 6 9 12 15
PL intensity mean (a. u.) | 1210 1980 1740 1520 1590 1850
Intensity variation | 0.48 043 044 043 047 0.54
Peak wavelength mean (nm) | 487 483 489 479 485 480
Peak wavelength deviation (nm) | 4.0 34 3.2 3.0 33 3.7
FWHM mean (meV) | 110 125 125 121 123 124
FWHM deviation (meV) | 20 17 15 15 13 18
o (meV) | 25 28 28 28 28 28
Peak wavelength-to-peak intensity Pearson
correlation coefficient

0.58 0.61 047 056 031 048

The number of grains, the mean grain area and the total area of grains were
estimated for all samples and presented in figure 6.13. One can see that increasing
the growth interruption time resulted in a reduction of the mean grain area,
although, the number of grains, as well as the total area of these grains increased.

Our experimental observations support the idea that the change of InGaN MQW
PL band properties in the samples grown with a pulsed growth technique are
caused by the modification of localizing potential. As the time of growth
interruptions increases, the supply of NHj; is increased. Choi et al. suggested, that
extra time for the surface nitridization and In atom migration suppresses any kind
of In segregation both — laterally and vertically [104]. Also, Kadir et. al. has
shown, that extended V/III ratio produces smaller and denser localization islands —
the same result as observed in our samples, when the growth interruption time was
increased [120].

Thus, we believe that the smaller clusters have a higher density of deep
localized states with reduced difference between the states and mobility edge. This
fact is supported by our previous observations of a constant blueshift with an
increase in time of growth interruption. On the other hand, due to the increase in
the density of clusters, the total area covered by the clusters increased. Thus, a
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higher number of grains contains a higher number of total density of localized
states. Localization, as well as, the carrier suppression from migration to NRC is
increased. As a result, increasing growth interruption time results in PL intensity
increases up to 2 times, despite the increase in V-pit density. When the growth
interruptions are too long, the positive effects of the pulsed growth technique
decrease, because of the higher influence of In re-evaporation or thermal etching,
as it was observed for the sample S6, where the total number of grains as well as
the total area of clusters decreased.
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Figure 6.13. The number of grains, mean grain area and the total area of grains as a
function of pause duration. Arrows are presented as an eye-guides [PMD3].

To conclude, we have found that the increase in PL intensity as the growth
pause duration increases is governed by the increase in the density of deep
localization states. Also, with the growth pause increase the difference between the
average energy of deep localization states and mobility edge decreases. Finally, as
the QWs are grown using pulsed growth technique, carriers distribute in a slightly
wider range of energy of deep localization states, although the pause duration
increase has a minor influence on the range of energy.
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7 PULSED GROWN MQWs IN LIGHT EMITTING
DIODE STRUCTURE

After developing the pulsed growth technique it was applied during the growth
of MQWs in light emitting diodes (LEDs). Three LEDs were grown (LED1, LED2,
LED3) having the same structure (see schematic representations in figure 7.1).
LEDs consisted of 2.5 um uGaN layer with AIGaN/GaN SL, 1.2 um nGaN layer,
4nm InGaN/GaN SL, 5 period of InGaN QWS dow=(3+4)nm, In=(15+20)%,
doe=6nm, ~25 nm pAlGaN layer and 200nm pGaN layer. QWs were grown using
the pulsed growth technique applying 6 t;=15s pulses with t,=12s pauses. The only
difference between the LED fabrications was that each LED had the QWs grown at
different temperatures: 793 °C, 797 °C and 803 °C for the LED1, LED2 and LED3
respectively.

f ¥ Mg doped GaN layer A=(5+10mm,
g\ m>10%em | T, =940 °C

Mg doped GaN layer, =200 nm, .
m=l0¥em? |, T, =940 °C

Osram GaN template 5xQWs, InGaN/GaN, doy— (1.8+1.9)nm,
d=5 pm In% unknown, dp =(6.8 + 7.5)nm.

S InGaN/GaN, period d=4nm, In=5%,
8 periods.

Figure 7.1. Schematic layer structure of LEDs.

The optical characteristics of LEDs were measured at TopGaN Company.
Figure 7.2 presents the PL spectra of all samples measured with continuous wave
(cw) 325nm excitation. As it can be expected, growth of LED2 and LED?3 at higher
temperatures resulted in a PL peak increase and peak position blue-shift. Such
tendencies as discussed in chapter 5.2 can be related to the lower In concentration,
which is expected in the samples grown using higher growth temperature, leading
to the peak blueshift, and decreased defect density, as well as lower NRC, which
leads to the higher intensity of luminescence. One can notice in figure 7.2 that PL
consist of fringes, which are due to the Fabri-Perot interference.
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Figure 7.2. PL spectra of LED1-LED3

Further, electro luminescence (EL) at 20mA current was measured for all LED
structures and presented in figure 7.3. Spectra was collected using sphere, thus
Fabri-Perot interference is not present. The EL spectra has the same tendency as
the one observed for PL measurements — as the QW growth temperature increased,
LED spectra increased and blueshifted.
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Figure 7.3. Electro-luminescence of LEDs.
Figure 7.4 presents external quantum efficiencies (EQE) calculated for the LEDs
as a function of applied current. It was found that the highest EQE was measured for

the LED3, which reached 2% with a forward current of 100 mA. EQE of LED1 and
LED2 were similar with the peak values of 1.2% and 1.4% respectively. From the
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EQE measurements, the internal quantum efficiency (IQE) was evaluated and the
light extraction efficiency (LEE) was calculated at STR Company.
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Figure 7.4. External quantum efficiencies of LEDs.

The IQE maximum value n{*** was calculated by using EQE measurement
results and ABC-model calculations (7.2 equation) that were presented in the paper
published by Titkov et. al. [121]. The ABC model describes the case of
recombination rate R, when electrons and holes are equally injected into the active
region (see 7.1 equation, where A, B and C stands for Shockley-Read-Hall,
radiative and Auger coefficients respectively and n- carrier concentration. The
relation between EQE maximum efficiency n2'*** and EQE 7,(p) in equation 7.2
(dependence on normalized optical power p) were measured, quality factor Q was
calculated after finding ABC parameters (equation 7.3) and the normalized optical
power extrapolated (7.4).

R =An+ Bn? + Cn3 (7.1)
max 1/2 + -1/2

e e B8 (7.2)

Ne(®) Q+2

B
Q= T (7.3)
(AC)2

pY2 +p~1/2 50 (7.4)
Ne(®) = NexeMi (7.5)
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EQE is a product of IQE 7n; and the light extraction efficiency (LEE) 1,
(equation 7.5). Thus, when the IQE and EQE values are known, LEE can be simply
calculated. The IQE and LEE values are presented in table 7.1. As it was expected,
LEDs grown at higher temperature possessed higher structural quality that led to
higher IQE values with the highest IQE of 42,8% of LED3. The LED surfaces were
not texturized, thus the LEE values were low. On the other hand this had a major
impact on EQE values, which were only a few percent.

Table 7.1. Optical parameters of LEDs.

Sample | LED1 LED2 LED3
A, nm | 455 447 443
IQE max, % | 28,6 35,5 42,8
LEE, % | 4,5 4,4 4,6
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CONCLUSIONS

1. PL intensity in InGaN QWs can be increased if during one pulsed growth
cycle no less than 1 InGaN crystal monolayer is grown. By using five 20s duration
pulses a pause duration of 12s (9s) and a growth temperature of 780 °C (800 °C),
the PL intensity of green (cyan) light emitting MQW was enhanced up to two times
with a minor peak blueshift compared with conventionally grown structures.

2. The pulsed growth technique is superior at enhancing PL intensity as
compared to QW grown at higher temperatures using a conventional growth
method. The PL intensity increase is 7 times higher when compared with the PL
intensity increase in conventionally grown QWs at higher growth temperature with
the same PL peak blue-shift.

3. There is preliminary evidence that when the pulse duration is reduced (<20s)
without a change in the pause duration (12s), Indium desorption increases
particularly from higher In concentration regions resulting in a lower density and
shallower localized states. As a result the PL intensity decreases and the PL peak
blueshifts.

4. Using 20s pulses and increasing the growth pause duration (>9 s) creates a
higher density of indium-rich clusters resulting in a larger total density of localized
states and PL intensity increase (~2 times). While the average In concentration in
In-rich cluster decrease. As a result energy of deep localized states is shifted
towards the mobility edge resulting in a PL peak blueshift (~8nm).

5. The InGaN MQW pulse growth method has been applied in technological
research to grow a complete LED structure.
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SANTRAUKA

Ivadas

Sviesos diodai (§viestukai) bei lazeriniai diodai (LD) yra $viesa emituojantys
optoelektronikos prietaisai turintys plaias pritaikymai galimybes tiek namy
apyvokos, tiek ir moksliniy tyrimy srityse. Indzio galio nitridas (InGaN) yra
universali medziaga placiai naudojama optoelektronikos prietaisuose. Unikali
InGaN savybé yra ta, jog keiciant indzio (In) koncentracija galima modifikuoti
emisijos spektra, kuris apima visa regimaja spektro dali [1, 2]. Nuo tada, kai
devyniasdeSimtyju mety pradzioje buvo atrastas meélynas InGaN Sviestukas [3],
InGaN heterostruktiiry vystymosi eiga kietaklinio apsvietimo srityje patyré dideli
technologini Suoli [2]. Per pastaruosius deSimtmecius Zenkliai iSaugo InGaN
Sviestuky efektyvumas, sumazéjo energijos sanaudos bei padidéjo galimybés
iSauginti Sviestukus platesnéje spalvinéje gamoje.

Deja, palyginus eksperimentines efektyvumo vertes su teorinémis, InGaN
struktiiros uzaugintos epitaksiskai naudojant metalo-organikos nusodinimo i§ gary
fazés metoda (MOVPE) ant safyro padékly, dar néra pasiekusios teorinio
potencialo, ypaé Zalioje spektro dalyje. Siuo metu egzistuoja keletas issikiu,
ribojanciy galimybes pasiekti teorines efektyvumo vertes. Viena i§ problemy yra
tai, jog InGaN daZniausiai auginami ant skirtinga kristalinés gardelés perioda
turin¢iy safyro padékly. Dél Sios priezasties atsiranda vidiniai kristalo jtempimai,
kurie lemia vidiniy pjezoelektriniy lauky atsiradima bei dislokaciju susiformavima.
Be to, dideli gardelés nesutapimai skatina didesnés indzio koncentracijos sri¢iy
formavima (indZio segregacija). Sios sritys neretai susiformuoja greta gardelés
dislokaciju ir taip mazina struktiiros efektyvuma [4]. Norint uzauginti struktiiras
zalioje spektro srityje reikalinga jterpti didesni In kiekj i InGaN strukttra, o tam
reikalinga auginimus atlikti Zemesnéje temperattiroje [5]. Esant Zemesnei auginimo
temperatirai ir didesnei In koncentracijai sumazéja In tirpumas, o dél
tarpsluoksniams naudojamy skirtingy medziagy, iSauga koherentiniai medziagos
itempimai. Sie jtempimai lemia spinodinj medZiagos skylima bei In atomy, esanciy
pavirSiniame sluoksnyje segregacija i didesnés In koncentracijos sritis ar atskiras In
metalo salas [6]. Netolygus medZiagos pasiskirstymas lemia energijos juosty
fliuktuacijas. D¢l Sios priezasties emisijos spektras pasislenka i raudonaja sriti, o
piko pusplotis (FWHM) iSplinta. Dél pjezoelektrinio efekto kriivininkai zaliuose
Sviestukuose turi ilga gyvavimo trukme, dél kurios didelé¢ dalis kriivininky
nepasiekia lokalizacijos centry ir rekombinuoja nespinduliniu budu [7].
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Krivininkai pasieke lokalizacijos centrus lokalizuojasi, ko pasékoje sumazéja
bendras efektyvus liuminescencijos pavir§iaus plotas, o tuo paciu ir vidinis
kvantinis nasumas (IQE). Priedo, dél to, jog dalyje lokalizacijos centry egzistuoja
dislokacijos, sumazéja tikimybé, jog lokalizuoti kravininkai rekombinuos
spinduliniu biidu, dél ko dar labiau sumazéja IQE [8].

Ne paslaptis, jog egzistuoja keletas metody leidzian¢iy uzauginti struktiiras
pasizymincias didesniu kvantiniu naSumu. Vienas i§ metody, leidzian¢iy padidinti
aktyviosios srities IQE, yra prie§ kvantinés duobés auginima trumpam | sistema
tiekti TMIn [9, 10]. Esant didesnei atominio In koncentracijai, In atomai gali
sudaryti rysius ties dislokacijos Serdimis, tokiu btidu sustabdant tolesni dislokacijos
plitima daugybiniy kvantiniy duobiy auginimo metu. Nors §is metodas ir leidzia
padidinti IQE, taciau jis nesumazina In segregacijos. Kitas metodas leidziantis
padidinti struktiiros efektyvuma yra auginti InGaN ant pusiau-poliniy GaN padékly
[11, 12]. Pusiau-poliniy GaN padékly gardelé yra artimesné InGaN gardelei nei
iprastai auginimams naudojamo c-plokstumos safyro. D¢l Sios priezasties auginant
InGaN ant pusiau-poliniy GaN padékly sluoksniai yra maziau jtempti, o tai lemia
pjezoelektrinio efekto sumazéjima bei galimybe uzauginti homogeniSkus didesnés
In koncentracijos InGaN sluoksnius. Deja, pusiau-poliniai GaN padéklai yra
salyginai brangts, dél to iSlieka paklausa ieskoti alternatyviy sprendimo budy,
leidzian¢iy sumazinti In segregacija InGaN kvantinése duobése, auginamose ant c-
plokstumos safyro padékly. Alternatyvus sprendimo biidas galimai leidziantis
sumazinti In segregacija yra kvantines duobes auginti naudojant MOVPE
technologijai pritaikyta impulsini auginimo metoda [13, 14]. Sis metodas paremtas
principu, jog TMIn tiekimas yra periodiskai pertraukiamas, palaikant pastovy
amoniako ir TMGa tiekima. TMIn pertriikio metu dalis In atomy desorbuojasi, dél
ko sumazéja nehomogeniskas In pasiskirstymas. Impulsinis auginimo metodas néra
pilnai istirtas, kadangi néra zinoma kokia yra impulsy trukmeés, impulsy skaiciaus,
pauzés tarp impulsy ir temperatiiros jtaka kvantiniy duobiy struktiriniams ir
optiniams parametrams. Pastaryjuy impulsinio auginimo duomeny stoka paskatino
Siame darbe istirti bei visapusiskai jvertinti impulsinio auginimo parametry itaka
InGaN kvantiniy duobiy struktirai ir nustatyti optimalius impulsinio auginimo
parametrus.
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Darbo tikslas

Sio darbo tikslas buvo sukurti MOVPE impulsinio InGaN kvantiniy duobiy
auginimo technologija skirta didesniam kvantiniy duobiy efektyvumui pasiekti ir
pritaikyti Sig technologija zaliy Sviestuky struktiiry auginimui bei paaiSkinti
priezastis lémusias optiniy savybiy pokycius.

Disertacijos darbo uzdaviniai suformuoti remiantis FP7 NEWLED projekto
tikslu sukurti naujus technologinius metodus (In,Ga,A)N ir (In,Ga,Al)(As,P)
pagrindu regimojo spektro Sviesos Sviestuky struktiry auginimui. Vienas i
projekto uzdaviniy buvo sukurti ir optimizuoti InGaN/GaN kvantiniy duobiy
struktiiry MOVPE impulsinj auginimo buida. Projekto metu vykdyti tyrimai ir gauti
rezultatai pristatytas Sioje disertacijoje.

Darbo uzdaviniai

e Sukurti InGaN kristaliniy sluoksniy MOVPE impulsinio auginimo
technologija skirta Aixtron su duSo galvutés dujy tiekimo sistema tipo
reaktoriui naudojant moduliuota laike metalo-organikos prekursoriy
tickimo metoda.

e Tiriant bandiniy struktirines bei optines savybes nustatyti optimalius
laikinius MO srauto parametrus prie skirtingy auginimo temperatiiry, su
kuriais uzauginamos didZiausio intensyvumo InGaN/GaN kvantiniy duobiy
struktiros.

o Charakterizuoti krivininky lokalizacijos profili impulsiniu ir standartiniu
btidu uzaugintose InGaN kvantinése duobése.

e Pritaikyti optimizuota impulsini auginimo metoda didelio Sviesos
intensyvumo Zaliy InGaN $viestuky struktiiry auginimui.
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Darbo naujumas ir svarba

Miisy ziniomis, Siame darbe pirma kartg atlikti nuodugniis impulsinio auginimo
metodo tyrimai parodant kokia yra InGaN auginimo parametry (impulsu/pauziy
trukmiy bei temperatiiros) jtaka struktiirinéms ir optinéms QW savybéms, kuomet
auginimo parametrai kei¢iami palaipsniui. Taip pat nustatyti optimaliis impulsinio
InGaN auginimo parametrai zalia §viesa spinduliuojan¢ioms MQWs strukttiroms.

Ginamieji teiginiai

e Didziausias PL intensyvumo padidéjimas impulsiniu biidu uzaugintose
InGaN kvantinése duobése gaunamas kuomet pauzés trukmé
optimizuojama atsizvelgus i auginimo temperatiira bei vieno impulsinio
auginimo ciklo metu uzauga tarp 1 ir 4 InGaN monosluoksniu.

e Impulsinis auginimo metodas, kaip budas padidinti kvantiniy duobiy
liuminescencijos intensyvuma yra prana$esnis lyginant su kvantiniy duobiy
auginimo temperattiros didinimu, abiem atvejais esant vienodai PL spektro
smailés poslinkio { mélynaja sritj vertei.

e PL intensyvumo padidéjimas impulsiniu biidu uZaugintose InGaN
kvantinése duobése yra susijes su kruvininky lokalizacijos potencialo
poky¢iu dél auginimo metu padidéjusios In atomy pavir§inés migracijos ir
mazesnio diametro, bet didesnio tankio daug In turinciy sri¢iy kvantinése
duobése susiformavimo.
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1 EKSPERIMENTINES METODIKOS
1.1 Bandiniy auginimas

InGaN kvantiniy duobiy struktiiros (MQW) buvo auginamos ant safyro padekly
naudojant “AIXTRON”, 2 in. skersmens 3 padékly uzdaro duSo galvutés tipo
rektoriy. Bandiniy struktiiriné schema pateikta paveiksle 1.1. Bandiniai buvo
sudaryti i$: safyro padéklo, 2um storio GaN buferinio sluoksnio, kuriame 1,5 um
gylyje buvo suformuota 5 periody ~12,5um storio AIGaN/GaN supergardelé (SG).
Toliau seké 8 periody 24nm storio InGaN/GaN SG legiruota Si, SG In
koncentracija buvo ~5%. Galiausiai buvo suformuota daugybiné¢ InGaN kvantiniy
duobiy GaN (QW) bei GaN kvantiniy barjery (QB) 5 periody struktiira, taipogi
legiruota Si, o pabaigai padengtas GaN dengiamasis sluoksnis (“cap layer”).
Metalo-organikos junginiai (MO): trimetil-galis (TMGa), trimetil-indis (TMIn),
trimetil-aliuminis (TMALI) ir amoniakas buvo naudojami atitinkamai kaip Ga, In, Al
ir N Saltiniai. Vandenilis buvo naudojamas GaN buferinio sluoksnio ir AlGaN SG
auginimo metu kaip aplinkos dujos ir kaip dujos nes¢jos. N, buvo naudojamos kaip
aplinkos dujos ir kaip dujos nes¢jos InGaN SG bei InGaN MQW auginimo metu.

GaN dengiamasis sl.

e o -

InGaN SG —»

AlGaN SG —»

uGaN —»

Safyro padéklas—+

1.1 pav. Bandinius sudaran¢iy sluoksniy struktiira.

Sio darbo metu buvo uZauginti du pagrindiniai bandiniy rinkiniai, kuriy
InGaN/GaN MQW buvo augintos T,4 = 780 ir 800 °C temperatlirose bei
papildomi du bandiniy rinkiniai, kuriy InGaN QW buvo augintos T,,q = 810 ir 830
°C temperatirose. QB visuose bandiniuose buvo auginami 850+880 °C
temperattry ribose.

Visy bandiniy QW buvo auginamos impulsiniu biidu periodiskai jjungiant ir
iSjungiant TMIn ir TMGa tiekima, o amoniako tiekima iSlaikant nepakitusi
(paveiksle 1.2 pateikta dujuy tiekimo schema). MO impulsy trukmé t; buvo kei¢iama
nuo 5 iki 20 s, o pauziy trukmé t, — nuo 3 iki 20 s.
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Palyginimui buvo uzauginti penki palyginamieji bandiniai iprastiniu biidu, kuriy
QW auginimo metu buvo iSlaikomas pastovus dujy tiekimas, kiekviena bandini
auginant skirtingoje temperatiiroje: Taq = 780, 810 ir 830 °C. Visy bandiniy,
naudoty Siame darbe numeriai bei InGaN SG ir kvantiniy duobiy (MQW) auginimo
parametrai pateikti lenteléje 1.1.

_ 4 t, TMIn
Tjung. TMGa
SiH
[3ung. 2 ,4
Tjung.
TRung. >

1.2 pav. Impulsinio auginimo dujy tiekimo schema.

1.2 Bandiniy struktiiriniy tyrimy metodikos

Bandiniy struktiiriniai parametrai buvo nustatomi naudojant elektrony
pralaidumo mikroskopa (TEM), rentgeno spinduliy difraktometra (XRD) bei
atominiy jégy mikroskopa (AFM).

TEM matavimai buvo atlickami naudojant FEI Tecnai G2 F20 X-TWIN
mikroskopa su 200kV elektrony spinduliu. Sio darbo metu TEM matavimai buvo
atliekami TEM bei skanuojanciu TEM (STEM) rezimu.

XRD matavimams buvo pasitelktas Rigaku, SmartLab difraktometras. Bandiniai
buvo analizuojami K,; (A=1.56054A) rentgeno spinduliais. Elementiné¢ bandiniy
sudétis buvo matuojama ®-20 rezime ir analizuojama GlobalFit modeliavimo
programa pritaikant sluoksniy storius iSmatuotus su TEM. Vidiniai gardelés
itempimai buvo ivertinami atlikus atvirkstinés erdvés zemélapiy matavimus
(RSM).

Bandiniy pavirSiaus savybéms nustatyti buvo atlikti AFM matavimai naudojant
Witec Alpha 300 mikroskopa veikiantj kontaktiniu réZimu. I§ pastaryjy matavimy
buvo apskaiciuotas bandiniy vidutinis pavirSiaus SiurkStumas bei vidutinis V-
skyluciy ir trans¢jiniy defekty tankis.
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Lentel¢ 1.1. InGaN kvantiniy duobiy auginimo parametrai.

Bandinio Nr. | t3, s | t5, s | Impulsai | Ty, °C | Tos,’C | Tsc,'C
Sl(ar) | 80 | 0 1 800 | 840 | 850
S2 20 3 5 800 840 850
S3 20 6 5 800 840 850
S4 20 9 5 800 840 850
S5 20 12 5 800 840 850
S6 20 15 5 800 840 850
S7(atr.) 80 0 1 780 850 860
S8 5 3 20 780 850 860
S9 5 6 20 780 850 860
S10 5 9 20 780 850 860
S11 5 12 20 780 850 860
S12 5 15 20 780 850 860
S13 10 3 10 780 850 860
S14 10 6 10 780 850 860
S15 10 9 10 780 850 860
S16 10 12 10 780 850 860
S17 10 15 10 780 850 860
S18 20 3 5 780 850 860
S19 20 6 5 780 850 860
S20 20 9 5 780 850 860
S21 20 12 5 780 850 860
S22 20 15 5 780 850 860
S23(atr.) 80 0 1 810 850 860
S24 20 3 5 810 850 860
S25 20 6 5 810 850 860
S26 20 9 5 810 850 860
S27 20 12 5 810 850 860
S28 20 15 5 810 850 860
S29 20 | 20 5 810 850 860
S30(atr.) 80 0 1 830 870 880
S31 20 3 5 830 870 880
S32 20 6 5 830 870 880
S33 20 9 5 830 870 880
S34 20 12 5 830 870 880
S35 20 15 5 830 870 880
S36(atr.) 80 0 1 790 860 870
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1.3 Bandiniy optiniy tyrimy metodikos

Bandiniy optiniai parametrai buvo nustatomi atliekant foto-liuminescencijos
(PL) bei foto-liuminescencijos su erdvine skyra (uPL) matavimus. PL matavimai
buvo atlickami bandinius Zadinant nuostovios veikos 405 nm bangos ilgio, 4
W/em?® galios tankio lazeriniu diodu (LD), o liuminescencija buvo registruojama
Princeton Instruments Acton SP2300 spektrometru ir analizuojama Pixis 256 CCD
kamera.

Temperatiiriniai PL matavimai (TDPL) buvo atlickami nuostovaus zadinimo
rezime naudojant He-Cd lazeri (325 nm). Liuminescencija buvo registruojama
dvigubu monochromatoriumi (Jobin Yvon HRD-1) ir detektuojama fotodaugintuvu
(Hamamatsu). Matavimai buvo atliekami 8 + 300 K temperatiiros ribose, kuri buvo
palaikoma uzdaro ciklo helio kriostatu.

puPL matavimai buvo atlickami skanuojan¢iu konfokaliniu mikroskopu Witec
Alpha 300. Bandinys buvo zadinamas LD (1e:=405 nm).
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2 REZULTATAI
2.1 Struktiriniai tyrimai

Strukttiriniai tyrimai buvo atlikti daliai pasirinkty bandiniy. Visy pirma, siekiant
nustatyti bandiniy rinkinj pasizyminti geresnémis optinémis savybémis lyginant su
atraminiu bandiniu (stipri liuminescencija, siauras smailés pusplotis, smailé néra
zymiai pasislinkusi { mélynaja sriti) buvo i§matuoti bandiniy PL spektrai. Bandiniai
auginti naudojant 20s impulsus pasizyméjo stipriausio intensyvumo PL smailémis
ties ciano (bandiniy rinkinys augintas Tg.w»=800 °C) bei Zzalios spalvos sritimis
(bandiniy rinkinys augintas Tewn=780 °C). Toliau paprastumo dé¢lei bandiniy
rinkinys S1-S6 bus vadinamas “cianiniu rinkiniu” ir S7, S18-S22 bus vadinamas
“zaliu rinkiniu”. Cianiniai ir zali bandiniy rinkiniai uzauginti naudojant 20s
impulsy trukmes buvo pasirinkti tolimesnei struktiirinei bandiniy analizei.

IS TEM ir STEM matavimy buvo nustatyti zaliy bandiniy S7, S21 ir cianiniy
bandiniy S1, S2, S4, S5, S6 QW bei QB storiai ir pateikti lentel¢je 2.1. Kaip
pavyzdys paveiksle 2.1 pateikti atraminio bandinio S7 ir impulsiskai uzauginto S21
bandinio TEM vaizdai. Buvo nustatyta, jog esant 0.02nm/s augimo tempui tikétina,
jog vieno t=20s arba t;=10s impulso metu uzaugo tarp 1 ir 4 InGaN
monosluoksniy.

Toliau buvo atlickami XRD matavimai i§ kuriy buvo nustatoma QW ir SG
vidutiné In koncentracija (apskaiciuoti In koncentracijos duomenys pateikti lentelé
2.1). Kaip pavyzdys paveiksle 2.2 pateiktos S7 ir S21 bandinio XRD svyravimo
kreivés. Nustatyta, jog In koncentracija impulsiskai uzaugintame zaliame bandinyje
S21 sumazéja lyginant su atraminiu bandiniu S7. Manoma, jog viena prieZasciy
galéjusiy lemti In koncentracijos sumazéjima - dalies In desorbcija ilgesniy pauziy
metu [102, 103]. Kita vertus, neimpulsiskai uzaugintuose bandiniuose buvo
palankesnés salygos itempimuy relaksacijai formuojantis defektams, kurie
palengvina In jterpima [100, 101].

Tuo tarpu In koncentracijos skirtumas sumazéja tarp bandiniy auginty su
skirtingomis pauziy trukmémis bei aukStesnéje temperatiiroje (cianinio rinkinio).
Tad galima teigti, jog In koncentracijos jautrumas impulsiniam auginimo metodui
padidéja tik tuomet kai auginimai atlickami Zemesnéje temperatiiroje.
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2.1 pav. TEM iSmatuoti MQW skerspjliviai: a) atraminio bandinio S7, b) bandinio
uzauginto impulsiniu biidu S21 [PMD?2].

Gardelés itempimai ir In koncentracija buvo papildomai jvertinti atlikus RSM
matavimus aplink (105) atspindi. Paveiksle 2.3 pateikti S7 ir S21 bandiniy RSM
vaizdai. Paveiksle 2.3 a) galima matyti, jog atraminio bandinio RSM atspindziy
iSsidéstymas (taSkuota - punktyriné linija) yra pasislinkgs nuo pilnai jtempto
sluoksnio (punktyriné linija atitinkanti GaN padéklo atvirkstinés gardelés taskus)
link pilnai relaksavusio InGaN sluoksnio (istisin¢ linija). Tikétina, jog Sia
relaksacija 1émé palankesnés defekty formavimo salygos, kuomet auginimai
atliekami neimpulsiniu biidu [99]. Tuo tarpu impulsiskai uzaugintos InGaN MQW
buvo pilnai jtemptos (paveikslas 2.3 b).

Kita vertus iSmatavus cianinio bandiniy rinkinio RSM buvo nustatyta, jog visy
bandiniy gardelés buvo pilnai arba beveik pilnai jtemptos. Tad stebétai atraminio
zalio bandinio relaksacijai lemiama jtaka turéjo Zemesné auginimo temperatiira.
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2.2 pav. XRD matavimo svyruojancios kreivés a) atraminio bandinio S7, b) bandinio
uZauginto impulsiniu biidu S21.

Lentelé 2.1 ISmatuoti pavieniy sluoksniy storiai ir In koncentracija juose.

Bandinio Nr. | S1 S2 sS4 S5 S6 S7 s21
deap, M | 28 28 28 28.5 285 345 35
dos, M | 6.6 6.7 7.2 6.7 6.8 7.4 74
dow, NM | 3.8 4.1 3.8 4.1 4.1 1.6 1.8

dincanse, NM | 1.8 1.8 185  1.85 185 1.8 1.8

deanse, NM | 1.5 1.55 1.5 1.6 1.6 1.6 1.6
INXow | 10.5%  10.5%  9.5%  10.0%  9.0%  27%  20%
InXsg | 5% 5% 4% 4% 4% 4% 4%
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g,(agv.)

10274 0276 0278

q (a.g.v.)

0.280 0.282

qagv.)

0,276 0,278 0,280 0,282

g (agv)

2.3 pav. RSM vaizdai iSmatuoti aplink (105) atspindj a) atraminio bandinio S7, b) bandinio
uZauginto impulsiniu bidu S21. RSM a8ys — atvirkstinés gardelés vienetai (a.g.v.).
Punktyrinés linijos kertan¢ios GaN padékla atitinka pilnai jtempta (R = 0) bisena.
Punktyriné — taSkuota linija paveiksle a) atitinka dalinai atsipalaidavusi sluoksni [PMD?2].

Atlikus AFM matavimus buvo nustatytas bandiniy pavirSiaus SiurkS§tumas
(lentelé 2.2). Pritaikius impulsini auginimo metoda pavirSiaus SiurkStumas Siek tiek
padidéja lyginant su atraminiu bandiniu, taciau aiskios tendencijos kokia ijtaka
impulsinis auginimas daro pavirSiaus SiurkStumui nebuvo jzvelgta. Kaip pavyzdys
paveiksle 2.4 pateikti S1 ir S3 bandiniy AFM vaizdai.
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10 nm

0nm

2.4 pav. AFM bandiniy S1 ir S3 pavirSiaus vaizdai [PMD?2].

Lentel¢ 2.2. AFM iSmatuoti atraminiy (S1 ir S7) ir impulsiskai uzauginty bandiniy (S2-S6,
S21) pavirsiaus Siurk§tumai.

Bandiniai | S1 S2 S3 S4 S5 S6 S7 S21
PavirSiaus vidutinis Siurk§tumas,nm | 1.4 2.1 1.7 1.7 23 2.1 30 22

2.2 Optiniai tyrimai

PL spektrai buvo iSmatuoti visiems bandiniams. Paveiksle 2.5 a) pateikti zaliy
bandiniy PL spektrai. Galima matyti, jog didinant pauzés trukme iki t,=12s (S21
bandinys), PL spektrinis intensyvumas iSauga vir§ dviejy karty, o smailé pasislenka
1 mélynaja sriti. Intensyvumo padidéjima gali lemti arba sumazéjes defekty tankis,
lemiantis mazesng nespinduliniy rekombinacijos kanaly itaka bandinio emisijai
arba susidargs palankesnis lokalizacijos potencialas. Didinant pauzés trukme iki t,
= 15s lokalizacijos potencialas sumazéja ir PL intensyvumas pradeda kristi.

Vienas gerai zinomy metody PL intensyvumui padidinti yra kvantines duobes
auginti aukStesnéje temperatiroje. Paveiksle 2.5 b) pateikti PL spektrai iSmatuoti
iprastiniu biidy uzaugintuose atraminiuose bandiniuose taikant skirtingas kvantiniy
duobiy auginimo temperatiiras (780+800 °C). Auginimo temperatiirg pakélus 10 °C
(nuo 780 iki 790 °C), integruotas PL intensyvumas iSaugo ~1,2 kartus, o spektriné
smail¢ pasislinko ~9 nm. Pastarojo bandinio (S36) PL spektrinis poslinkis yra
panasus | auks¢iausia PL intensyvuma turinc¢io impulsiskai uzauginto bandinio S21
spektrini poslinki (~8nm). Taciau atraminio bandinio auginto aukstesnéje
temperatiroje PL intensyvumo padidé¢jimas sudaré tik 12% PL intensyvumo
padid¢jimo impulsiSkai uzaugintame bandinyje. Arba kitaip tariant impulsiskai
uzauginto bandinio PL intensyvumas iSauga 7 kartus daugiau nei auginimus
atliekant jprastu auginimo metodu, bet auk$tesnéje temperatiiroje.
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Paveiksle 2.6 a) galima matyti, jog taikant trumpesnes impulsy trukmes (t; = 5,
10 s), integruoto intensyvumo stipréjimo tendencija, ilginant pauzés trukme iSlieka,
taiau maksimaliai pasiekiama integruoto intensyvumo vert¢ mazéja ir yra
pasiekiama ties trumpesnémis pauzémis. Impulsy trukmés mazinimas taipogi lemia
vis stipresni PL smailés padéties poslinki i mélynaja sriti (2.6 b)).

Toliau buvo ijvertinta zalio bandiniy rinkinio impulsy trukmés ijtaka PL
charakteristikoms. Paveiksle 2.6 pateiktos a) PL intensyvumo, b) PL smailés
padéties bei c¢) pusplocCio priklausomybés nuo pauzés trukmés esant skirtingoms
impulsy trukméms (t; = 5, 10, 20 s).

Tuo tarpu pusplotis esant trumpesniems impulsams (t; = 5, 10 s) islieka beveik
nepakites (2.6 ¢)). Verta pastebéti, jog t; = 20s pusplotis ties t, = 3s smarkiai
iSauga, o vis labiau ilginant pauzés trukmei sumazéja iki pradinés atraminio
bandinio vertés. Toks reiskinys galimai siejamas su padidéjusia In desorbcija i$
defektuoty sri¢iy ir naujy skirtingo gylio spindulinés rekombinacijos centry
formavimu.

E(eV) E(eV)
28 26 2.4 2.2
T g B T 22 100k — : : '
= a) — 57 (atr.) = I'b) Tos’
7 80kf S19(6s) 4 2 80kp —780"C (87, atr.) T
z :3;(155) é r ——1790"C (836, atr.) |
g ook —822(13s) 4 &5 60kF ——800°C (S, atr) |
> = I ]
2 40k Z 40kt 1
g 2 o1
.S 20k = 20k} J
= =
0 1 1 1
450 475 500 525 550 575 600 450 475 500 525 550 575 600

A (nm) A (nm)

2.5 pav. Kambario temperatiiros PL matavimai a) impulsiskai ir neimpulsiSkai uzauginty
zaliy bandiniy, b) atraminiy bandiniy auginty skirtingose temperatiirose [PMD2].
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2.6 pav. Zalio bandiniu rinkinio normalizuota integruota PL amplitudé, PL smailés padétis
ir smailés pusplotis kaip priklausomybé nuo auginimo pauzés trukmés esant skirtingiems
auginimo impulsy intervalams. Juodi, zali ir raudoni simboliai Zymi impulsiSkai uzaugintus
bandinius su 20s (S18+S22), 10s (S13+S17) ir 5s (S8+S12) impulsais bei atraminj bandini
S7. Linijomis pazymétos tendencijos [PMD?2].

Paveiksle 2.7 pateikti cianinio bandiniy rinkinio PL spektrai, o paveiksle 2.8
apibendrintos PL spektry vertés. Cianiniuose bandiniuose kaip ir Zaliuose didéjant
impulsinio auginimo pauzés trukmei iSauga PL intensyvumas iki dviejy karty,
taCiau maksimalios PL vertés pasiekiamos jau ties 9s pauzés trukme (S4 bandinys)
ir iSlieka panasios iki 15s. Tuo tarpu PL smailés padétis pasiZzymi tendencija slinkti
1 mélynaja spektro pus¢ iki 10nm skirtumo bandinyje S6 lyginant su atraminiu
bandiniu S1. Spektro pusplotis iSlaiko tendencija didéti sulig pauzés trukmés
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augimu nuo 151 meV (S1) iki 166 meV. Kadangi In koncentracijos ir QW storio
vertés iSliko panaSios visuose bandiniuose, PL spektro pokyc¢ius tikétina lémé
lokalizacijos potencialo arba NRC tankio modifikacija.
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2.7 pav. Kambario temperatiiros PL. matavimai impulsiSkai ir neimpulsiskai uzauginty

cianiniy bandiniy.

Siekiant jvertinti auginimo temperatiros itaka impulsiniam auginimui buvo
atlikta bandiniy su t;=20s impulsy trukme, uzauginty 780 °C, 810 °C ir 830 °C
temperatiirose, PL spektry analizé.

Paveiksle 2.9 galima stebéti, jog auginimo temperatiiros kélimas turi panasia
itaka PL charakteristikoms kaip ir impulsy trukmés mazinimas. Kuo aukstesné
impulsinio auginimo temperattra (810, 830 °C), tuo mazesné maksimali impulsinio
auginimo PL intensyvumo verté, o spektras vis labiau pasislinkgs i mélynaja sriti.
Tuo tarpu pusplotis pakeliant auginimo temperatiira nuo 780 °C iki 810 °C
sumazeja, o keliant temperatiirg iki 830 °C islieka beveik panasus kaip ir 810 °C
temperattros atveju.
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2.8 pav. Cianinio bandiniy rinkinio normalizuota integruota PL amplitudé, PL smailés
padétis ir smailés pusplotis kaip priklausomybés nuo auginimo pauzés trukmés. Tirti
bandiniai su 20s auginimo impulsais (S2+S6) bei atraminis bandinys S1. Linijos Zymi
tendencijas.
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Normal. integr. PL int. (s.v.)
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2.9 pav. Normalizuoty integruoty PL amplitudziy, PL piko padéciu bei pusploCiu
priklausomybés nuo pauzés trukmés esant skirtingoms QW auginimo temperatiroms: 780
°C (S7, S18+S22), 810 °C (S23+29) ir 830 °C (S30+S35). Linijos zymi tendencijas.

2.3 Krivininky lokalizacija InGaN MQW

Siekiant jvertinti kravininky lokalizacijos specifikas buvo iSmatuotos PL
smailés padéties priklausomybés nuo matavimo temperatiiros ir atidétos paveiksle
2.10. Galima matyti, jog kreivés turi S-formos tendencijas kurios yra jprasta III-N
trinariy junginiy temperatiirinés PL smailiy priklausomybéms [109]. Didéjant
pauzés trukmei pastebimos dvi S-formos pokycio tendencijos — iSauga pradinio
raudonojo poslinkio vertés bei sumazéja mélynasis poslinkis. Didesnis pradinis
raudonasis poslinkis atsiranda dél didesnés giliy lokalizacijos biliseny
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koncentracijos. Sia idéja papildo mélynojo poslinkio sumazéjimas, atsirandantis dél
didesnés giliy biiseny ir mazesnés sekliy biiseny koncentracijos. Atsizvelgiant i
pries tai rezultatuose stebéta tendencija, jog didinant pauzés trukme PL smailés
padétis slenka i mélynaja sritj, galima daryti i§vada, jog impulsinis auginimo
metodas sukuria daugiau giliy buseny, taciau skirtumas tarp giliy buiseny padéties ir
juostos judrumo krasto sumazéja.

Priedo prie Siy rezultaty buvo paskai¢iuotos draustiniy juosty tarpo fliuktuacijy
Gauso pasiskirstymo standartinio nuokrypio ¢ vertés, kurios leidzia ivertinti In
koncentracijos arba/ir sluoksnio storio fliuktuacijas. Impulsiskai uzaugintuose
bandiniuose o vertés beveik nesiskyré ir buvo ~ 28meV. Tuo tarpu atraminio
bandinio standartinis nuokrypis buvo Siek tieck mazesnis ~25meV, kadangi S-
formos kilpos taskas buvo ties zemesne temperatiira. PanasSios In koncentracijos
vertés, mazas skirtumas tarp ¢ verciy ir prie$ tai minéti spektriniai pokyciai leidzia
manyti, jog PL intensyvumas iSauga pagrinde dél lokalizacijos potencialo pokyciu.

) S

(==
T T

Smailés poslinkis (meV)

0 50 100 150
Temperatira (K)

200 250 300

2.10 pav. S-formos temperatiirinés PL smailés padéties priklausomybés InGaN MQW.
IStisinés kreivés yra Var$ni aproksimacijos, vir§ kreiviy pateiktos Gauso pasiskirstymo
standartinio nuokrypio o vertés.

Siekiant tiksliau jvertinti lokalizacijos potencialo savybes ir kokia jtaka jo
pokyciams turi impulsinis auginimo metodas cianiniam bandiniy rinkiniui buvo
atlikti pPL matavimai. Paveiksle 2.11 pateikti S2 bandinio uPL matavimo
rezultatai: 2.11 a) PL intensyvumo pasiskirstymas, b) spektrinis pasiskirstymas ir c)
atsitiktiniy tasky parinkty i§ pPL zemélapio PL spektrai. Galima matyti paveiksle
2.11 a), jog PL intensyvumas pasiskirstes netolygiai — didesnio intensyvumo sritys
pasiskirs€iusios Zemesnio intensyvumo fone. Spektrinis pasiskirstymas paveiksle
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2.11 b) taip pat netolygus. Atsitiktinai pasirinktuose matavimo tasky spektruose
(2.11 ¢)) atsiranda papildoma smailé, pasislinkusi | raudonaja sriti ir lemianti
bendra spektro iSplitima. Jei Sios smailés intensyvumas pakankamai didelis ji gali
lemti bendro spektro vidutinés padéties poslinki i raudonaja sriti. Tokios sritys,
pasizymincios stipriu spektriniu poslinkiu i raudonaja sriti daznai egzistuoja
artimoje V-tipo skyluciy aplinkoje [114]. Atsizvelgus i sritis turincias didesni
pusploti nei 1,5 standartinio pusplocio nuokrypio buvo nustatyta, jog tokios sritys
uzima tik 3-4% bendro pavirSiaus ploto ir nedaro didelés itakos bendram PL

spektrui.

A
—~

@4 120 -
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§ 80 B 1
-
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460 480 500 520 340 560
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2.11 pav. uPL bandinio S2 matavimy rezultatai: a) spektriskai integruoto PL intensyvumo
erdvinis pasiskirstymas 10x10 pm® ploto erdvéje, b) PL piko bangos ilgio erdvinis
pasiskirstymas ir c) atskiry tasky (A-D) spektriniame pasiskirstyme PL spektrai.

Nustacius, jog spektriniai pokyc¢iai, pritaikius impulsini auginimo metoda,
tikétiniausia pasireiskia dél pokyciu giliose lokalizacijos srityse, toliau buvo
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atlickama analizé kaip keitési gilios lokalizacijos sritys didinant impulsinio
auginimo pauzés trukme.

Kiekviename cianinio bandinio uPL paveiksle buvo paskaiciuota kiek
konkretaus bandinio atveju buvo registruota atitinkamo bangos ilgio ir
intensyvumo pikseliy. Gautas pikseliy pasiskirstymas buvo atidétas grafiSkai
(paveiksle 2.12 pateikti atraminio S1 ir impulsinio S5 bandiniy matavimy
rezultatai). Tuomet buvo paskaiciuoti vidutiniai bangos ilgiai giliose lokalizacijos
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2.12 pav. Spektrinis pikseliy intensyvumo ir skaiciaus iSsidéstymas atraminiame bandinyje
S1 ir impulsiSkai uzaugintame bandinyje S5. Mélynos rodyklés zymi absoliuty spektro
vidutinj bangos ilgi, raudonos rodyklés — vidutini bangos ilgi giliose lokalizacijos srityse.

srityse jtraukiant tik sritis turin¢ias didesnij nei standartinio nuokrypio bangos ilgj ir

pazyméti raudonomis rodyklémis (melynos rodyklés Zzymi bendra kiekvieno
bandinio viduting PL smailés padéti). Paveiksle 2.12 galima matyti, jog lyginant
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impulsiskai uzauginta bandinj su atraminiu, skirtumas tarp bendro spektro vidutinio
bangos ilgio ir vidutinio bangos ilgio giliose lokalizacijos srityse sumazéja nuo
16.4 iki 4.7 nm. Tai patvirtina pirming idéja, jog impulsinis auginimo metodas
sumazina skirtuma tarp giliy lokalizacijos sri¢iy ir juostos judrumo krasto. Taip pat
galima matyti, jog pikseliy iSsibarstymas ties ilgesniais bangos ilgiais sumazéja —
lokalizacijos sritys tampa homogeniskesnés.

Toliau tgsiant giliy lokalizacijos sri¢iy analiz¢ buvo paskaiciuota koki
pavirSiaus plota uzima sritys su bangos ilgiu didesniu nei standartinis nuokrypis.
Kaip palyginimas atraminio bandinio ir vieno i§ impulsinio bandinio spektrinio
uPL pasiskirstymo bei giliy lokalizacijos sri¢iy iSsidéstymas pateiktas paveiksle
2.13. Buvo paskaiciuotas, jog vidutinis lokalizacijos sri¢iy plotas sumazéja, taciau
ju skai€ius iSauga ir tuo paciu padidéja bendras giliy lokalizacijos sri¢iy uzimamas
plotas nuo 2 iki 14,5 pm® lyginant atitinkamai bandinius S1 ir S5. Tad galima
teigti, jog padidéjes gilesniy lokalizacijos sri¢iy skai¢ius buvo pagrindiné priezastis
lémusi PL integruoto intensyvumo padidéjima iki 2 karty.

2.13 pav. Atraminio bandinio S1 ir impulsiSkai uzauginto bandinio S5 spektrinis
pasiskirstymas (virSuje) ir sritys su bangos ilgiu didesniu nei standartinis nuokrypis
(apacioje).
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2.4 Impulsinio auginimo taikymas LED struktiiroms

Isdirbus impulsinio auginimo technologija, ji buvo pritaikyta LED struktiiros
auginimui. Viso buvo uzaugintos 3 LED struktiros (LED1, LED2, LED3)
identiskomis salygomis i$skyrus kvantiniy duobiy auginimo temperattras, kurios
buvo 793 °C, 797 °C ir 803 °C, atitinkamai LED1, LED2 ir LED3 bandiniams. LED
strukttros buvo sudarytos i§ 2.5 pm uGaN sluoksnio su AlGaN/GaN SG, 1,2 um
nGaN sluoksniu, 4nm InGaN/GaN SG, 3 periodai QW dow=(3+4)nm,
In=(15+20)%, dgg=6nm, ~25 nm pAlGaN sluoksnio ir 200nm pGaN sluoksnio.
QW buvo auginamos impulsiniu biidu taikant $esis 15s impulsus ir 12s pauzes tarp
impulsy.

LED struktiiry optiniai matavimai buvo atlieckami “TopGaN” kompanijoje.
Paveiksle 2.14 pateikti triju bandiniy elektroliuminescencijos (EL) spektrai. EL
buvo matuojama fiksuojant 20mA srove ir registruojant EL spektra sferoje.

Tikétina, jog aukStesné QW auginimo temperatiira lémé mazesng QW In
koncentracija, dél ko pageréjo aktyviosios srities kristaliné kokybé (sumazéjo
defekty), o tai 1émé spektrinio intensyvumo padidéjima, taciau tuo paciu ir spektro
smailés poslinkj | mélynaja sritj.
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2.14 pav. LED struktiiry EL.

Toliau, buvo paskaiciuoti LED struktiiry efektyvumai. Pastarieji skaiCiavimai
buvo atlikti “STR” kompanijoje. ISmatavus iSorinj kvantinj nasuma (EQE) bei
atlikus ABC modelio skai¢iavimus, buvo paskai¢iuotas vidinis kvantinis naSumas
(IQE) [121]. Zinant EQE ir IQE buvo rastas $viesos istrikos efektyvumas (LEE).
Paskaiciuotos efektyvumy vertés pateiktos lenteléje 2.3. Galima pastebéti, jog EQE
vertés labai mazos, taCiau kadangi EQE tiesiogiai susijes su LEE ir IQE, galima
matyti, jog labai mazos LEE vertés lémé mazas EQE vertes.
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2.3 lentelé: LED struktiiry apskai¢iuoti efektyvumai.

Bandinys LEDI1 LED2 LED3
A, nm 455 447 443
IQE max, % 28,6 35,5 42,8
EQE max, % 1,5 1,3 2,0
LEE, % 4,5 4.4 4,6
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ISVADOS

PL intensyvuma InGaN QWs galima padidinti jei vieno auginimo impulso
metu InGaN uzauga nemaziau kaip 1 kristalinis monosluoksnis. Naudojant
penkis 20s impulsus, 12s (9s) pauzes, 780 °C (800 °C) temperatiiroje
uzauginty zalios (ciano) spalvos Sviesa spinduliuojan¢iy InGaN QW PL
intensyvumas buvo 2 kartus didesnis lyginant su standartiniu btdu
uzaugintomis struktiiromis, PL spektro smailei nezymiai pasislenkant {
melynaja spektro sritj.

Impulsinis auginimo metodas, kaip biidas uzauginti InGaN kvantines
duobes su didesniu PL efektyvumu yra pranasesnis nei kvantiniy duobiy
auginimas aukstesnéje temperatiiroje standartiniu budu. Impulsiniu budu
vzauginty InGaN QW PL intensyvumo procentinis padidéjimas yra 7
kartus didesnis nei QW, uzauginty aukstesnéje temperatiiroje neimpulsiniu
biidu, abiem atvejais esant vienodam PL spektro smailés poslinkiu i
mélynaja spektro sritj.

Naudojant trumpesnius auginimo impulsus (<20s), ta¢iau nekei¢iant pauziy
(12s), padidéja In atomy desorbcija ypa¢ i§ didesne In koncentracija
turinCiy sri¢iy, lemianti mazesni tanki bei seklesnes lokalizuojancias
busenas. D¢l to sumazéja PL intensyvumas, o spektro smailé pasislenka i
mélynaja sriti.

Naudojant 20s impulsus ir ilginant pauzés trukme (=9 s) padidéja didesni
In kiekj turin€iy sric¢iy tankis, dél ko iSauga lokalizuoty biiseny tankis
lemiantis PL intensyvumo padidéjima (~2 kartus). Tuo tarpu vidutiné In
koncentracija gilias lokalizacijos biisenas turinCiose srityse sumazgja, tad
vidutiné giliy lokalizuoty biiseny energija pasislenka link judrumo krasto, o
spektro smailés padétis pasislenka i mélynaja sritj (~8nm).

InGaN QW  impulsinis auginimo metodas buvo pritaikytas
technologiniuose tyrimuose pilnos $viestuko struktliros auginimuose.
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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 coef-
ficient 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 ym
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 MQWSs 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 1, 2, 3) we
analyzed impact of the pulsed growth on QW and
full LED quantum efficiency. All samples were grown
on a 3 ym 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 I) 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, ) = 1000 x log(T,(A)/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 #(¢)oc(ANd)?
and its decay 1/7, = 1/, + 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 a = 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
SLlayer. 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 QWSs [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 online) or without SL (sample B, black).
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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
density-dependent recombination rate can contribute

1 3 SampleA

—In (T/TO (mOD)
o

Probe delay (ns)

to the radiative decay, i. e. B*=B_, + B_, in agreement
with our previous observations [25, 26].

We applied the described models for the analy-
sis of the excitation-dependent carrier lifetime.
Following the standard ABC model, the constant
non-radiative recombination coefficient A (or exci-
tation-independent 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 recombi-
nation term. The Auger term is considered as a pos-
sible mechanism of non-radiative losses; however,
it should be important only at carrier densities well
above 10" cm™ due to a small value (~107*' cm®/s)
in InGaN [27]. For both samples 7,, = 1/A = 35 ns
was estimated from TRPL transients at long delay
times (>30 ns); this term is dominant at carrier den-
sities below 10" cm™. The values of the recombina-
tion coeflicient B* were estimated from Fig. 2(b) as
0.8 x 107" cm?/s and 2.4 x 10! cm?/s for samples B
and A, respectively. The ratio of three between the B*
as well the IQE values agrees quite well for these sam-
ples, suggesting that competition between the radia-
tive and nonradiative processes varies with excitation
and depends on the sample structural quality. On
the other hand, different IQE values may be a conse-
quence of different density of carriers contributing to
radiative recombination. We fitted the measured IQE
curves with the modified AB*C model:

BradN

- _. 1
A+ (B + B, )N

IQE

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
B rad = ON : (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“ cm3, B, = 09 x 107" cm?/s
(sample A); 1/A = 15 ns, B* = 08 x 107",
N*=20x 10" 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 PL and 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 Kkinetics. 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 I) 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 I, 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 = 7 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 coefficient: 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
coeflicient 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.
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KVANTINIO NASUMO PAGERINIMAS InGaN KVANTINESE DUOBESE JTERPIANT
SUPERGARDELE IR NAUDOJANTIS IMPULSINIU AUGINIMU

K. Nomeika, M. Dmukauskas, R. Aleksiejtinas, P. Séajev, S. Miasojedovas, A. Kadys, S. Nargelas,
K. Jarasitinas

Vilniaus universiteto Taikomyjy moksly institutas, Vilnius, Lietuva

Santrauka

Vidinio kvantinio nasumo (VKN) pagerinimas InGaN
kvantinése duobése dél supergardelés jterpimo ir impul-
sinio auginimo pritaikymo itirtas laikinés skyros opti-
niy metodiky kombinacija. Supergardelés tarpsluoksnio
jterpimas padidino VKN tris kartus, tai gali bati aiski-
nama sumazéjusiu vidiniu elektriniu lauku dél mazesniy
jtempimy ir pakeisty lokalizacijos salygy. Impulsinio
auginimo déka VKN padidéjo dvigubai, tikimiausiai dél

geresnés defekty kontrolés struktiirose. Sviesos diodo
darinys su vir$utiniu p tipo GaN kontaktiniu sluoksniu
buvo pagamintas naudojant supergardelés tarpsluoksnj
ir impulsinj auginimg, tokiu baidu gautas toks pats mak-
simalus VKN kaip ir darinyje be kontaktinio sluoksnio.
Tiesinés rekombinacijos koeficientas augo palaipsniui
nuo zadinimo intensyvumo dél kriivininky delokalizaci-
jos. Pasinaudojus tokia priklausomybe, buvo sékmingai
sumodeliuotas VKN smukimas.
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Abstract

CrossMark

The paper reports on fully strained green light emitting InGaN/GaN multiple quantum wells,
grown by metalorganic vapor phase epitaxy, using metal precursor multiple flow interruptions
during InGaN quantum well growth. Optimization of the interruption timing (pulse #; = 20s,
pause 1, = 12s) lets us reach the integrated photoluminescence enhancement for the growth
at temperature 780 °C. The enhancement, as a function of pause duration, appeared to be
pulse duration dependent: a lower enhancement can be achieved using shorter pulses with
optimized relatively shorter pauses. Indium evaporation during the interruption time was
interpreted as the main issue to keep the layers intact. Quantum wells revealing the highest
photoluminescence enhancement were inspected for interface quality, layer thickness, growth
speed, strain, surface morphology and roughness by TEM, XRD and AFM techniques, and

compared with the one grown in the conventional mode.

Keywords: III-V semiconductors, MOCVD, quantum wells

(Some figures may appear in colour only in the online journal)

1. Introduction

III-nitrides semiconductor technology has undergone tremen-
dous development and recognition. Numerous GaN-based
devices, including light emitting diodes (LEDs), laser diodes,
photodetectors and high power electronics, have emerged on
the market. InGaN-based quantum well (QW) LEDs became
important for solid state lighting [1, 2]. On the other hand,
challenges like green light LEDs still remain a major problem.
Compared to the blue LEDs, green or yellow ones have lower
efficiency. Large lattice mismatches for the InGaN layers grown
on GaN and strong piezoelectric fields, particularly inside
InGaN QW polar structures, raise significant difficulties [3].

0022-3727/16/505101+7$33.00

Light emission is a result of the competition between radia-
tive and non-radiative recombination in semiconductors. High
defect densities in InGaN layers, grown on GaN/sapphire tem-
plates, increase the impact of the non-radiative recombination
and reduce the light emission. However, efficient luminosity,
observed in highly defected InGaN QWs, is due to In-rich
regions; the potential minima for localized carriers provide
efficient radiative recombination channels, in spite of the
surroundings with a high dislocation density [4—12]. Indium
segregation in InGaN alloys [13—15] or some spinodal decom-
position [16-18] are named as the origin of these potential
fluctuations [6, 10-12]. For the green or yellow light emit-
ting QWs, the situation becomes even more complicated, as

© 2016 IOP Publishing Ltd  Printed in the UK
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lower growth temperatures and higher In concentrations lead
to more defected areas and a higher density of non-radiative
recombination channels. Surprisingly, a relatively high car-
rier diffusion length was considered, which enhanced the
accessibility of the non-radiative recombination channels in
green light emitting QWs [8]. To reduce the segregation in
defect-containing areas, and to increase localization in the
non-defected areas in InGaN QWs, along with the optim-
ization of the precursor flow and growth temperature, some
other technological tricks have been tested. Two-temperature
or temperature-bounced growth, ramping up the temperature
immediately after the InGaN growth under ammonia without
metal-organics (MO), led to gross well-width fluctuations and
enhanced carrier localization [19-21]. By introducing dif-
ferent flows of hydrogen during the InGaN growth interrup-
tions, a formation of 3D island-like structures in the active
region of InGaN/GaN LEDs was demonstrated, revealing
enhanced emission efficiency [22, 23]. A remarkable enhance-
ment of emission efficiency for yellow-green LEDs using mul-
tiple interruptions, while maintaining an unchanged ammonia
flow, has been shown by Du et al [24].

In this article, we report on the influence of the interrup-
tion timing of the metalorganics flow for the growth of green
light emitting InGaN MQWs structures. A lab scale 3 x 2"
closed-coupled showerhead reactor provided a flexible control
over the timing of multiple MO precursor flow interruption
variations.

2. Experimental procedures

2.1. InGaN MQWs fabrication

In this work InGaN/GaN MQWs were grown on a GaN tem-
plate (c-plane sapphire substrate) by low-pressure conven-
tional and metalorganic vapor-phase epitaxy (MOVPE) using
an AIXTRON 3 x 2” closed-coupled showerhead reactor.
Trimethylgallium (TMGa), trimethylindium (TMIn) and
ammonia were used as Ga, In and N precursors, respectively.
N, was used as the ambient and carrier gas. All samples con-
sisted of eight period 4 nm InGaN/GaN superlattices and five
InGaN QWs, separated by a several times thicker GaN bar-
rier (QB). The superlattice was grown for all samples at the
same conditions. The InGaN MQWs were grown by the pulse
mode at temperature Tgown = 780 °C and, for comparison, by
the conventional mode at temperatures in the range of (830 +
780) °C. The pulse growth was conducted by modulating the
flow of In and Ga precursors into the reactor chamber, while
maintaining the flow of the ammonia constant (see figure 1)
[25]. The MO precursor pulse duration #; varied from 20 to
5's, the pause duration t,—from 3 to 20s. A summary of the
growth parameters is given in table 1.

2.2. Measurement techniques

X-ray diffraction measurements (XRD, Rigaku, SmartLab)
were carried out to determine the crystalline structure and
composition of the InGaN QWs. Surface and structure morph-
ology was studied by atomic force microscopy (AFM, Witec

t t
TMIn | |
TMGa
NH,

time

Figure 1. Timing of TMIn and TMGa precursors flow during pulse
growth.

Alpha 300) and a transmission electron microscope (TEM,
FEI Tecnai G2 F20 X-TWIN). Photoluminescence (PL) was
investigated using a continuous wave laser diode as an excita-
tion source (405nm), a Princeton Instruments Acton SP2300
spectrometer and a Pixis 256 CCD camera.

3. Results and discussion

3.1. Structural investigations

InGaN MQW sample 5, grown in the pulsed mode fea-
turing the best PL characteristics, was chosen for the TEM
investigations. The comparison to reference sample 1 is pre-
sented in figure 2. The estimated thickness of the QW and
QB pair for the reference varies in the range (1.6 = 1.7) nm
and (6.2 + 7.9) nm, respectively. The calculated QW growth
speed is 0.021nm s~!. The thickness of the QW grown in the
pulsed mode (1.8 <+ 1.9) nm is similar to the reference. The
QW growth speed is 0.019nm s~ ! or 0.012nm s~!, if only
the pulses or the pulses and pauses were considered, respec-
tively. A slight discrepancy in the QW growth speed should be
related to the MO switching conditions. In general, the speed
modification for the pulsed mode will certainly depend on
various growth parameters, such as temperature, pressure and
pause duration. For example, the increased growth temper-
ature and decreased pressure would enhance both the Ga and
In evaporation from the InGaN, and then the increase of the
pause duration would decrease the growth speed substantially.

Assuming the estimated growth speed is around 0.02nms !,
no less than one InGaN monolayer was expected to grow
during one #; = 20s pulse. The result is based on the lattice
constant ¢, which changes from 5.1850 A (GaN) up to 5.7033
A (InN) depending on In concentration, though a slight
increase due to biaxial strain in the InGaN QWs on GaN is
possible [26]. One #; = 10s pulse would end up with less than
one monolayer.

The w — 260 XRD scan of the MQWs (plane (0002)) is
shown in figure 3. The diffraction peaks corresponding to the
GaN and InGaN/GaN MQWs are clearly expressed. Satellite
peaks up to the minus fourth order are resolved and confirm
the well-defined interfaces for the structure.

To evaluate the strain and indium composition in the QWs,
the typical reciprocal space mapping (RSM) around the (105)
reflection was measured [27]. The vertical dashed and slanted
solid lines are plotted for the fully strained and fully relaxed
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Table 1. Parameters of the InGaN/GaN MQWs pulse growth.

8 9 10 11 12 13 14 15 16

Sample No. 1 (ref) 2 3 4 5 6 7
1, s 80 20 20 20 20 20 10
s 0 3 6 9 12 15 3
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Figure 3. XRD scan of reference sample 1 (a) and sample 5 grown by the pulse mode (b).

InGaN layers, respectively (figure 4). For the reference sample,
the QWs peak is shifted (dash-dotted line, figure 4(a)) along
the g, axis from the main GaN peak. It shows that the InGaN/
GaN MQW structure is not coherently strained on GaN, and
thus is slightly relaxed to accommodate stress caused by the
InGaN layers with a larger lattice constant; a feature which
has already been observed and investigated in detail [29]. The
average MQW lattice constants were obtained using these
equations: ayiQw = M 3gyand cyow = 5M2g,, where A is the
x-ray source wavelength (0.15406nm), and ¢, and g. are the
reciprocal lattice points of MQW Oth order peak of the (105)
reflection. Lattice constants and Poisson ratios of the relaxed
GaN (can = 5.1850 A, agun = 3. 1892 A, van = 0.2) and
InN (cpy = 5.7033 A, apy = 3.5378 A, vin = 0.29) were
used to calculate In content in the QWs by applying Vegard’s
and Hooke’s laws [28]. The QB and QW thicknesses were
taken from the TEM measurements. The indium content of

27% and 20% was obtained for reference samples 1 5, respec-
tively. The observed higher In concentration for the reference
may result from the gradual strain relaxation leading to the
incorporation of more In atoms into the subsequent InGaN
layer [30, 31]. The reduced In concentration for the pulse
growth mode probably relates to extra In evaporation during
the MO flow interruption. Indium atom desorption from the
growing surface of the InGaN epilayer, due to weak In-N
bonds, was confirmed from the uncapped InGaN layers’ dif-
ferent annealing investigations [32, 33]. Sample 5, grown in
the pulse mode, however, showed no lattice relaxation, with
the RSM peak aligned vertically (figure 4(b)). Thanks to the
optimized pulse and pause durations, fully strained green
InGaN QWs on GaN have been grown.

Figure 5 shows AFM images for reference samples 1 and
5 with the calculated area root-mean-square (RMS) roughness
of about 3.0 and 2.2nm, respectively. The reduced surface
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Figure 4. RSM around the (105) reflection of reference sample 1 (a) and sample 5 grown by the pulse mode (b). The dashed and solid
lines passing through the GaN template reciprocal lattice points correspond to the fully strained (R = 0) and fully relaxed (R = 1) state,
respectively (see the text for more explanation). The dash dotted line (a) corresponds to a partially relaxed state.

reference

<%

20s pulse,
12s pause,

5 pulses

20 nm

Figure 5. AFM images of reference samples 1 (a) and 5 grown by the pulse mode (b). The scan area is 6 x 6 um?>.

roughness for the pulsed mode is related to the enhanced sur-
face reactant atom mobility and increased V/III ratio, due to
prolonged growth time. A decreased growth speed comes into
play here as predicted above. The MO flow interruption pro-
vides extra time for nitridization and migration of the In and
Ga atom on the surface, suppressing any kind of metal segre-
gation, either lateral or vertical [13, 14].

Independentof the pulse/pause duration, a high density ((7
+9) x 1078 cm2) of dark coloured pits regarded as V-shaped
defects and some raised-centre trench defects of larger volume
(relatively large white spots contoured in black, see figure 5)
were observed. The structure of the V-defects include side-
wall quantum wells and an open hexagonal inverted pyramid
defined by six planes [34, 35]. The formation mechanism for
the V-defects includes the growth kinetics of GaN and the seg-
regation of In atoms in the strain field around the cores of
the threading dislocations [36-38]. Indium atoms trapped and
segregated in the strained field around the core of a threading
dislocation play a role as a small mask, hindering Ga atoms
from migrating easily to the (000 1) monolayer and smoothing
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Figure 6. PL spectra of the reference 1 and the samples 3, 5 and 6
grown by the pulse mode.



J. Phys. D: Appl. Phys. 49 (2016) 505101

M Dmukauskas et al

725 ; ‘ . . ‘ 520 24 — 280 ‘ . .
g i 2 260 o * —*+—20s]
S <ol N
E 500 2527 o —4—10s |
S 400f L = I
= = L 220 =—35s
= a0l 26 g
8 40l g = 200
= 2752 2
2z 460f < § 180
< 5]
[ 50+
2 28 3 £ L0
o Ador a 140
430 ‘ . ‘ ‘ . .
0 3 6 12 15 0 3 6 9 12 15
Pause (s) a) Pause (s) b) Pause (s) c)

Figure 7. PL integrated signal (normalized to reference 1) (a), spectra peak position (b) and FWHM (c) as a function of the pause duration
t, of samples grown by the pulse mode (¢; = 20s (black circles), 10s (green triangles), 5s (red squares)) at temperature 780 °C. The lines

are guides for the eye.

the surface. From our observations, the reduction of In segre-
gation and the enhancement of atom mobility in the course of
the pulse growth is insufficient to suppress V-defect formation
in the MQWs. It can also be seen that the pits can form trench-
like aggregates as a result of coalescence [39]. A trench does
not necessarily form a closed loop, where the inner region is
not entirely isolated from the surrounding material [40]. All
of these types of aggregates, including intersections with
V-defects, we have observed in our work.

3.2. PL investigations

A systematic study of the PL intensity on the pause dura-
tion #, was carried out. A whole set of InGaN MQW samples
grown at temperature 780 °C with different MO pulse dura-
tions 7, =5, 10, 20s was investigated. The highest PL inten-
sity was obtained for the sample grown at pulse #; = 20s and
pause r, = 12s duration. The PL spectra presented in figure 6
revealed a rapid rise of the PL peak with the pause duration
for the 7; = 20s growth. Then, after reaching its maxima at
t; = 125, the peak that was more than twice as large compared
to the reference started to decline slightly (r, = 155). A sum-
mary of the PL integrated intensity, its spectra position and
full width at half maximum (FWHM) as a function of #,, com-
pared to the reference, is presented in figure 7. The PL inte-
grated intensity (figure 7(a)) and peak position (figure 7(b))
demonstrate a similar track to that of the peak height indi-
cating on In re-evaporation or thermal etching when reaching
relatively long growth interruptions, a process lowering the
number and the size of PL effective regions and decreasing
the thickness of the QWs. The FWHM keeps a common ten-
dency of decreasing with the pause duration, indicating an
improvement of the QW due to the pulse growth (figure 7(c)).
However, a remarkably rapid increase of the FWHM at a short
pause duration 7, = 3s and 65, followed by a decrease to the
initial value at longer durations comparable to the reference,
is observed for the #; = 20s growth. The broad PL spectra at
a short pause duration may indicate a large variety of recom-
bination channels involved with the still high In segregation
effect. Shorter MO pulses (1; = 10s) show a much earlier
decrease of the FWHM with the pause duration, same as
the already noticed PL peak increase, whereas the blueshift
undergo a more rapid increase.
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Figure 8. PL spectra of the reference samples grown at different
temperatures.

Figure 8 presents the PL spectra measured for three refer-
ences, where InGaN QWs are grown at different temperatures
(780, 790, 800 °C). The PL efficiency and the blueshift have
increased with the temperature (dotted curve toward solid). We
show that the pulse growth provides the same features already
for the structures grown at the lowest temperature: the inter-
ruptions introduced into the growth process act as multiple
annealing processes, resulting in higher In desorption, espe-
cially in In-rich regions around the defect sites which prevent
stronger In segregation and new defect creation. However, a
comparison of the PL efficiency enhancement (more than two
times for the pulsed mode (figure 6), and ~1.3 times for the
conventional growth with increasing temperature (figure 8))
for the similar blueshift (~20nm) shows undisputed merit of
the QWs growth using MO interruptions, instead of higher
QW growth temperature.

4. Conclusions

A major result of this work is fully strained green light
emitting InGaN/GaN MQWs grown at 780 °C temperature
under optimized pulse growth conditions. The investigation
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revealed that care has to be taken while selecting an appro-
priate pulse and pause duration ratio for the In and Ga pre-
cursor flow interruption. The PL efficiency enhancement up
to two times for the green light emitting InGaN/GaN MQWs
was observed, when, during the growth of QWs with inter-
ruptions, MO pulse durations of 20s with pause durations
of 12s were used. The QW thickness, estimated by TEM
measurement, revealed that during the 20 s duration, an MO
pulse with about one monolayer of InGaN is grown. The
main drawback of the QW growth using the MO flow inter-
ruptions is that some decrease of In in the QW leads to the
shift of the main PL peak to a shorter wavelength. Some PL
efficiency enhancement can be obtained in MQW s grown by
shorter MO pulses, but the duration of the pause has to be
shortened too, or the blueshift of main PL peak increases
drastically.
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InGaN/GaN multiple quantum wells (MQWSs) with the same indium content and QW widths were grown by
metalorganic chemical vapor deposition using metal precursor flow interruptions of different length. The in-
fluence of the growth interruption length on photoluminescence (PL) properties was studied by combining
temperature-dependent and spatially-resolved PL spectroscopy. The PL band variations are attributed to the

transformation of localizing potential: growth interruptions change the density of indium clusters, which mod-
ifies the density of localized states. The optimized localizing potential in the structure grown using 9 s-long
growth interruptions facilitated an increase in PL intensity by a factor of up to 2.

1. Introduction

InGaN-based photonic devices are extensively used in general
lighting and large area displays because of the high room-temperature
internal quantum efficiencies achievable in InGaN/GaN quantum well
(QW) structures. It is generally accepted that the influence of disloca-
tions and point defects, as nonradiative recombination centers, are
strongly diminished due to the localization of carriers in potential
minima [1,2]. Nevertheless, the efficiency rapidly decreases as the
emission wavelength is shifted from the blue spectral region to green
[3]. This efficiency loss is usually attributed to several factors contrib-
uting together [4,5]. Higher indium content necessary to shift the
emission wavelength results in a larger lattice-mismatch-induced strain
of InGaN QWs, which might facilitate the formation of dislocations [6].
The larger strain also enhances the quantum confined Stark effect
(QCSE), which increases the separation of electrons and holes to the
opposite sides of the QW. Additionally, the increasing atomic-scale in-
dium content fluctuations and uncorrelated carrier localization causes
the reduction of the in-plane overlap of electron and hole wave functions
[71.

While InGaN QWs are predicted to have random alloy fluctuations
[8,9], one should expect some deviation from such an idealized struc-
ture. The compositional uniformity in active InGaN layers is affected by
the growth conditions of the QWs as well as by the presence of extended
defects: lower growth temperatures, typically used to increase the in-
dium content, favor the point defect formation and parasitic impurity
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E-mail address: juras.mickevicius@ff.vu.lt (J. Mickevicius).
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incorporation [10] alongside the indium segregation within InGaN
layers [11]. Moreover, indium atoms tend to segregate in the vicinity of
dislocations [12]. Thus, as the indium content in InGaN QWs and epi-
layers is increased, higher defect concentration drives the segregation
process [13], and partially relaxed regions with a higher density of
nonradiative recombination centers (NRCs) and a higher density of
localized states might be formed [1,14]. Several techniques have been
proposed to reduce the indium segregation. Treatment by trimethylin-
dium (TMIn) prior to the QW growth results in an increased efficiency,
though the In segregation is not reduced, as evidenced by the red shift of
photoluminescence (PL) band [15,16]. Conversely, the TMIn treatment
after the QW growth causes smoother interfaces and improves the
luminescence efficiency [17]. Alternative methods are based on the in-
terruptions during the growth of QWs: modulating the flow of both In
and Ga precursors is claimed to result in more uniform In composition
within QWs and enhancement of PL efficiency [11,18]. Modulating the
flow of only Ga precursor, while maintaining the TMIn flow constant,
led to stronger and narrower luminescence line and smaller band blue
shift with increasing driving current, which was attributed to the better
homogeneity of indium composition [19]. A growth technique based on
InN/GaN growth switching resulted in a higher emission efficiency but
also in a larger emission wavelength blue shift with increasing current
[20].

In this paper, we report on a study of the influence of the growth
interruption length on the emission properties in InGaN/GaN multiple
quantum wells (MQWSs) by using temperature-dependent and spatially-
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resolved photoluminescence spectroscopy. Despite having the same
structure and average indium content in QWs, the samples grown with
different growth interruption length exhibited certain differences in PL
band properties. The correlation between growth interruption length
and PL band parameters both on macro- and micro-scales is analyzed
and attributed to the localizing potential variations.

2. Experimental

The samples were grown using metalorganic chemical vapor depo-
sition (MOCVD) in a close-coupled showerhead 3 x 2" reactor (AIX-
TRON). Trimethylgallium (TMGa), trimethylindium, and ammonia
(NH3) were used as Ga, In, and N precursors, respectively. Ny was used
as the ambient and carrier gas. 3-pm-thick c-plane GaN templates
deposited on sapphire were used as substrates. To improve the optical
properties of the structure, the active layers were grown on a short-
period superlattice (SPSL) [21,22]. The SPSL consisted of 9 periods of
alternating low-In-content InyGa; N (x = 4-5%) and GaN layers grown
in a conventional MOCVD regime at the temperature of 850 °C.

The InGaN/GaN MQWs consisted of five pairs of QWs and barriers.
The QWs were grown at the pressure of 400 mBar using a pulsed growth
regime, which was accomplished by modulating the flow of In and Ga
precursors, while maintaining the flow of NH3 constant. The NH3 flow
was maintained at 0.268 mol/min, whereas TMIn and TMGa flows
during the supply pulse were 9.0 x 107° and 3.2 x 10~® mol/min,
respectively. Both metalorganic precursors were delivered into the
reactor chamber simultaneously for 20 s, the growth interruption length
varied from 3 to 15 s (samples S3, S6, S9, S12, and S15, respectively). An
additional reference sample was grown in the conventional continuous-
flow regime (growth interruption length of 0 s, sample S0). The growth
temperature of QWs was 800 °C. Right after the QW growth, ~1 nm GaN
layer was deposited at the same temperature to prevent In decomposi-
tion, and the temperature was ramped up with TMIn and TMGa flows
switched off. The GaN barriers were grown in the usual continuous flow
regime at the temperature of 840 °C. A thin (25-30 nm) GaN capping
layer was grown on the top of active layer.

By combining X-ray diffraction (XRD) and transmission electron
microscopy (TEM) measurements, the MQWs samples were found to
have GaN barriers of thickness 6.9 4+ 0.3 nm and InGaN QWs of thickness
4.0 + 0.2 nm with indium content of 9.9 & 0.7% (more details are
provided in Fig. SM1 in supplementary materials). Surface morphology
was studied by atomic force microscopy (AFM) in contact mode (WITec
Alpha 300S). Photoluminescence of the samples was studied under
steady-state excitation conditions using CW He-Cd laser (325 nm). 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 temperature range from 8 to
300 K using a closed-cycle helium cryostat. To eliminate the oscillations
due to Fabry-Perot interference, the PL spectra were processed using FFT
filtering, as illustrated in Fig. SM2 in supplementary materials. The
study of the spatial variation of PL parameters on a sub-micrometer scale
was performed using WITec Alpha 300 microscope system operated in
confocal mode. For recording the spatially-resolved spectra, the micro-
scope was coupled via an optical fiber with spectrometer UHT300 fol-
lowed by a CCD camera. A CW laser diode (405 nm) was exploited for
excitation. A high numerical aperture (NA = 0.9) objective was used to
focus the excitation laser beam and to collect the luminescence signal in
order to ensure the in-plane spatial resolution of ~250 nm. The confocal
scans were performed at room temperature over randomly selected
areas of 10 x 10 pm? with a step of 50 nm to provide an image of 200 x
200 pixels.

3. Results and discussion

Fig. 1 presents the room-temperature PL spectra of InGaN/GaN
MQWs grown using different length of growth interruptions (the low-
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temperature spectra are provided in the Fig. SM3 in supplementary
materials). While the shape of all the spectra is similar, certain changes
with increasing growth interruption length can be observed. By
increasing growth interruption length, a general although non-
monotonous trend is the increase of PL intensity by up to a factor of 2 in
sample S9, and the blue shift of the peak position by up to 54 meV in
sample S15. Meanwhile, the PL bandwidth is 147 meV in sample SO,
slightly increases to 160 meV in sample S3, and remains very similar for
further increases of growth interruption length. The internal quantum
efficiency (IQE), defined as the ratio between PL intensities at 300 and 8
K temperatures, increases from 4% up to 7.3% in samples SO and S9,
respectively, and is presented in the inset in Fig. 1. The extracted PL
spectra parameters are summarized in Table 1.

Since both the indium content and QW width are very similar
amongst the studied samples, the changes in PL spectra have to be
caused by the modifications of localizing potential and/or density of
NRCs. The increase in PL band width implies increasing fluctuations of
localizing potential, however, the blue shift of the peak position points
to the higher average energy of the filled localized states. Meanwhile,
the PL intensity increase indicates decreasing contribution of non-
radiative recombination due to either reduction of the density of NRCs
or more favorable localizing potential.

The carrier localization conditions in the InGaN/GaN MQWs under
study were estimated using the temperature dependence of the PL band
peak position. The PL spectra measured at different temperatures are
shown in Fig. 2(a) for sample S3. Points in Fig. 2(b) present the shift of
the PL band peak with respect to the peak position at 8 K. All the samples
exhibited a so-called S-shape dependence with three shift regions:
redshift-blueshift-redshift. Such S-shape dependence is typical of ternary
II-nitrides and is usually attributed to hopping of carriers (excitons)
through localized states [23,24]. The blueshift-redshift region of the
peak position dependence at elevated temperatures can be described
using a simple quantitative model linking it to the fluctuations of the
local potential. At nondegenerate occupation, the temperature depen-
dence of the PL peak position can be expressed as [23]:

al?>  o*

Epu(T)=E;0) —————. 1
(1) =E0) ~ 5 = M
Here, Eg(0) is the band gap at T = 0, @ and $ are Varshni coefficients
for band gap reduction with temperature, and ¢ is the standard deviation
of the Gaussian distribution of the band gap fluctuations due to the

random fluctuations in In content and/or QW width. Several
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Fig. 1. PL spectra of InGaN/GaN MQWs samples grown using different inter-
ruption length: 0, 3, 6, 9, 12, and 15 s (reflected in sample labeling, indicated)
measured under excitation power density of 4 W/cm? at 300 K. Inset shows the
IQE dependence on growth interruption length.
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Table 1
Macro-PL data of the InGaN/GaN MQWs under study.
Sample SO S3 S6 S9 S12 S15
Growth interruption 0 3 6 9 12 15
length (s)
PL intensity at 8 K (arb. 1.00 1.10 1.13 1.22 1.25 1.19
uw)?
PL intensity at 300 K (arb. 1.00 1.52 1.40 2.22 1.74 1.79
w)?
IQE (%) 4.0 5.5 4.9 7.3 5.6 6.0
Peak position at 300 K 2574 2595 2563 2615 2.568 2.628
(eV)
FWHM at 300 K (meV) 147 160 158 160 160 164

@ PL intensities are normalized with respect to sample SO.
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Fig. 2. PL spectra of InGaN MQWs sample S3 measured at different tempera-
tures (a), and temperature dependences of PL band peak position shift in
InGaN/GaN MQWs under study (b). Solid lines in (b) show the fits using a
simple model of carrier (exciton) hopping through the localized states.

dependences of the PL peak position shown by solid lines in Fig. 2(b)
were calculated according to Eq. (1) with a and f values of 0.85 meV/K
and 800 K, respectively (interpolated between GaN and InN values taken
from Refs. [25,26]).

As seen in Fig. 2(b), the fit is tolerable only for the sample SO with the
estimated o value of 25 meV, however, fails to capture the complexity of
the experimental dependences for the samples grown using growth in-
terruptions. Nevertheless, transformation of S-shape with increasing
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growth interruption length is evident: the initial red shift becomes
larger, while the peak blue shift decreases. The temperatures corre-
sponding to redshift-blueshift and blueshift-redshift turning points are
approximately constant for all samples, except for sample SO, which
exhibits its turning points at slightly lower temperatures. This difference
hints at slightly larger potential fluctuations in the samples grown using
growth interruptions.

The experimental macro-PL results show that the introduction of
growth interruptions results in slightly wider energy distribution of
localized states. On the other hand, low variations of room-temperature
PL band widths and blueshift-redshift turning points indicate a negli-
gible influence of the length of growth interruptions. Nevertheless, the
increasing value of the initial red shift at low temperatures points to
certain transformations of the localizing potential. Using the approach
of Refs. [27-29], the localized states can be qualitatively divided into
shallow and deep states, having, respectively, smaller and larger energy
difference from the mobility edge. The observed changes in PL band
properties can then be interpreted by the changing contributions of the
shallow and deep states. Since the initial temperature-dependent red
shift occurs due to thermally-activated carrier redistribution to the
lower available states, the larger red shift suggests a larger density of
available deep localized states. On the other hand, at room temperature,
the carriers are able to redistribute efficiently and a larger fraction of
shallow localized states is occupied, while the observed blueshifted PL
band position implies a decreased energy difference of deep localized
states from the mobility edge. Taking into account the similarity of in-
dium content and QW width amongst the samples, the two observations
lead to a conclusion that the main effect of the increasing growth
interruption length is on the properties of deep localized states: their
density increases, while the energy difference from the mobility edge
decreases. Such transformation results in the asymmetric density of
localized states function, which manifests in the worsening fits of the
peak position shift dependences shown in Fig. 2(b).

To understand better the peculiarities of the localizing potential and
its modifications with increasing growth interruption length, we studied
the spatial variations of PL parameters with a sub-micrometer spatial
resolution. Typical images of the spatial distributions of PL intensity and
peak position are shown in Fig. 3(a) and (b), respectively, for sample S3
(the corresponding images for all the studied samples can be found in the
supplementary materials). The statistically averaged data extracted for
all the studied samples are listed in Table 2.

In spatially resolved images, an inhomogeneous PL intensity distri-
bution is observed: a pattern of round-shaped areas of higher emission
intensity on a background of lower emission intensity. The spatial PL
intensity variation (the standard deviation divided by the mean value)
was approximately 0.47 for all the samples under study. A similar
inhomogeneous distribution was also observed for the peak position.
The spatial variations of the PL band peak position were rather small and
varied in the range from 3 to 4 nm (16-20 meV) for the studied samples.
The correlation between the peak wavelength and PL intensity was
positive and strong: the Pearson’s product moment correlation coeffi-
cient R was in the range from 0.3 to 0.6 with the trend of slight decrease
as the growth interruption length increased. This positive correlation is
common in InGaN and is caused by a lower probability to reach NRCs for
those carriers, which are localized at deeper energy levels and, corre-
spondingly, are emitting at longer wavelengths [30,31].

Even though the spatial variations of the PL spectra peak position are
not large, the single-pixel spectra (collected from an area of 50 x 50 nm?
in our experiments) are rather broad, with the average PL band width
ranging from 110 to 125 meV in the studied samples. The large widths of
the PL spectra from individual pixels indicate the presence of the double-
scaled potential profile: the larger areas (hundreds of nanometers) with
different average potential are revealed by the peak wavelength varia-
tions, whereas the small-scale potential fluctuations (probably, of a few
nanometers in size) manifest themselves through the inhomogeneous
broadening of the local PL spectra. The double-scaled potential profile
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Fig. 3. Spatial distribution of spectrally-integrated PL intensity (a) and PL band
peak wavelength (b) within an area of 10 x 10 pm? of InGaN/GaN MQWs
sample S3 and several PL spectra (c) taken from indicated spots.

Table 2
Statistical parameters of the confocal scans of the InGaN/GaN MQWs under
study.

Sample S0 S3 S6 S9 S12 S15
Growth interruption length (s) 0 3 6 9 12 15
Intensity variation 048 0.43 044 043 047 054
Peak wavelength mean (nm) 487 483 489 479 485 480
Peak wavelength deviation (nm) 4.0 3.4 3.2 3.0 3.3 3.7
FWHM mean (meV) 110 125 125 121 123 124
FWHM deviation (meV) 20 17 15 15 13 18
Peak wavelength-to-peak 058 0.61 047 056 0.31 0.48
intensity Pearson correlation
coefficient
Peak wavelength-to-FWHM 059 052 044 046 0.28 043

Pearson correlation coefficient

model has been previously used to interpret the carrier migration and
recombination peculiarities in InGaN/GaN MQWs structures [30,31].
Both large- and small-scale inhomogeneities have also been observed
experimentally using scanning near-field optical microscopy (SNOM)
[32,33], cathodoluminescence (CL), p-PL [34], and Z-contrast [35]
techniques.

The detailed analysis of the single-pixel PL spectra [the typical
spectra for different spots are shown in Fig. 3(c)] revealed areas having
considerably larger than average PL band width with some of these areas
also having a significantly redshifted peak position [curves A and E in
Fig. 3(c)]. As can be observed, the increase of the PL band width is
caused by the emergence of the second PL band on the long wavelength
slope at ~510 nm. When the intensity of this second PL band is high
enough, it also results in the strong red shift of the overall PL spectrum.
Such double-peaked PL spectra have been assigned to the luminescence
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from the spots in the vicinity of V-pits [36,37]: the long-wavelength
band is attributed to the spontaneous formation of In-rich regions
around the V-pits [36], while the short-wavelength band corresponds to
the emission from the V-pit itself [37]. Additionally, the PL band red
shift accompanied by an increase of PL intensity might be caused by the
trench defects [38].

The V-pit and trench defect densities were evaluated using AFM
measurements. A typical image is shown in Fig. 4(a). The estimated V-
pit density is 8.5 x 10® cm~2 in sample S0, and slightly increases to 1.3
x 10° em 2 and 1.6 x 10° em 2 in samples S3 and S15, respectively,
showing no significant correlation with the growth interruption length.
Meanwhile, the trench defect density is very similar for all the studied
samples and ranges from 1 x 10 to 2.4 x 107 cm~2 The spatial reso-
lution of AFM measurements is substantially better than that of PL im-
aging, thus, the adjacent V-pits can hardly be resolved in the images of
PL parameters. For the typical V-pit diameter of 80 nm and the in-plane
spatial resolution of 250 nm in confocal PL measurements, the blur
effectively reduces the resolved V-pit density by an order of magnitude.
Thus, the total resolvable defect density is 1 x 10° cm~2 in sample SO,
and (1.5-1.7) x 10® cm™2 in other samples. Similar densities of areas
having larger than average PL band width can be observed in spatial PL
band width distribution images [see Fig. 4(b)]. Here, the marked pixels
are distinguished by the PL band width, which is above the average by at
least 1.5s, where s is the standard deviation of band width distribution.
Since such pixels take only ~3-4% of the total area, they do not
considerably affect the mean values, i.e., the parameters of the spatially-
integrated PL band. Furthermore, the lack of considerable correlation
between the growth interruption length and the defect densities (either
from AFM images or from PL bandwidth images) implies a negligible
role of defects on the transformation of localizing potential. On the other
hand, the presence of defects already involves certain potential fluctu-
ations, e.g., the spontaneous formation of In-rich regions around V-pits,
as mentioned above.

To study the effect of the growth interruption length on the deep
localized states, we analyzed the areas having a significantly redshifted
PL band peak position. The typical spatial distribution image of such
areas is shown in Fig. 5(a) for sample S3. The image was obtained from
the peak position distribution, as in Fig. 3(b), by selecting pixels having
the PL band peak position at considerably longer wavelength than the
mean position, i.e. redshifted more than the standard deviation [e.g.,
spots A and E in Fig. 3(c)]. The compiled histograms reflecting the
density of pixels with certain peak position are provided in supple-
mentary materials. The estimated number of grains is 413 with the
average grain area and total covered area equal to 9500 nm? and 3.918
pmz, respectively. The average peak position of the deep localized states
was 492.3 nm. Likewise, the grain parameters were estimated for all the
samples under study, and their dependences on the growth interruption
length are shown in Fig. 5(b)-(d). The increase of the growth

Fig. 4. Surface topography within an area of 5 x 5 pm? (a) and spatial dis-
tribution of PL band width within an area of 10 x 10 pm2 (b) of InGaN/GaN
MQWs sample S3. The PL band width in marked pixels is above average by at
least 1.5s, where s is the standard deviation of band width distribution.
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Fig. 5. The redshifted grains in the peak position image of sample S3 (a) and
the growth interruption length dependences of the number of grains (b), the
total grain area (c), and the difference between the average band peak position
over the entire area and the mean value of the peak position in the areas
dominated by deep localized states (d). Error bars in (d) represent the stan-
dard error.

interruption length up to 12 s results in the increase of the number of
grains and the total area covered by the grains.

All the experimental observations support the proposition that the
changes in PL band properties are caused by the modifications of the
localizing potential due to changes in growth conditions. The longer
growth interruptions result in a higher effective V/III ratio due to an
extended supply of NHs. Higher V/III ratio has been shown to produce
smaller and denser islands [39,40]. Moreover, the extra time for nitri-
dation and migration of In and Ga atoms on the surface suppresses any
kind of metal segregation, either lateral or vertical [41,42]. The In
clusters manifest in the peak position images as the redshifted grains.
Indeed, the density of grains increases in the samples grown using longer
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growth interruptions (see Fig. 5). Meanwhile, the decreasing difference
between the overall peak position mean and the average peak position in
deep localized states (see Fig. 5 and Fig. SM4) points to the decreasing
energy difference between deep states and mobility edge, consistently
with the PL band blue shift (see Fig. 1). On the other hand, the increasing
density of the clusters ensues an increase in the total area covered by the
redshifted grains and indicates higher total density of localized states,
which is consistent with the higher range of the initial red shift in
temperature dependence of PL band peak position [see Fig. 2(b)]. As a
result of the aforementioned transformations, the PL intensity increases
by a factor of up to 2, despite similar increase in the V-pit density. Thus,
the longer interruption length facilitates formation of the localizing
potential, which inhibits migration of nonequilibrium carriers to non-
radiative recombination centers. However, the excessive increase of
grain-covered area diminishes the positive effect of growth in-
terruptions, probably, due to increasing density of accompanying non-
radiative recombination centers, as indicated by the reduced peak
wavelength-FWHM correlation coefficient [14]. In contrast, the forma-
tion of grains ceases for 15 s-long interruptions, when the positive
changes are overshadowed by the effects of indium re-evaporation or
thermal etching.

4. Conclusions

To summarize, the influence of growth interruption length on pho-
toluminescence properties was studied for InGaN/GaN quantum well
structures grown using pulsed MOCVD on c-plane sapphire substrates.
Increasing the growth interruption length leads to a higher PL efficiency
and a slight blue shift and broadening of PL band. Combining the results
obtained from the temperature dependences of PL parameters and
spatially-resolved PL measurements, the PL band variations were
attributed to the modifications of localizing potential. Increasing the
growth interruption length to ~12 s results in a higher density of indium
clusters in QWs and increases the total density of localized states.
Meanwhile, the average energy of deep localized states is shifted to-
wards the mobility edge. The highest PL efficiency was observed in the
structure grown using the growth interruptions of 9 s, indicating the
optimal localizing potential. The optimization inhibits carrier migration
to nonradiative recombination centers, despite the increase in the defect
density, and increases the PL intensity by a factor of up to 2.
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